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ABsnacT 

Equations  for  ponedicting  the  theoretical  stresses  and  mechanical 
pacqperties  of  fiber/)netal  laminates  were  derived.  Ihese  were  applied  to 
a  model  hi^  temperature  laminate  system  based  on  8009  ediminum  and 
glass  fiber  reinforced  U-25  thermoplastic  polyimde.  Ihe  effects  of 
aluminum  surface  treatment  on  bond  strength  were  investigate  emical 
surface  treatments  gave  srperior  bond  strength  oonpared  to  mechanical 
treatments.  Adequate  bond  strength  was  obtained  using  simplified  and 
environmentally  seife  surface  prqmration  techniques. 

Ihe  tensile  yield  and  \iltimate  strength,  elastic  modulus,  fracture 
b^iavior,  dynamic  mechanical  behavior,  chemical  resistance,  and  fatigue 
resistance  of  the  laminate  were  investigated.  Most  properties  were 
found  to  correlate  well  with  the  theoretical  predictions.  Ihe  laminate 
shewed  excellent  strength  retention  at  temperatures  above  200*C. 
Fatigue  resistance  as-processed  was  found  to  be  ocmpar^le  to  monolithic 
8009.  Post-stretching  the  laminate  was  shown  to  increase  both  fatigue 
life  and  yield  strength  substantially. 

Dynamic  mechanical  prx:perties  were  found  to  be  superior  to 
monolithic  2024  and  8009  aluminum,  and  marginally  l>etter  than  ARAII<-4, 
as  well.  Ihe  relatively  hi^  c^namic  loss  modulus  suggests  that  the 
laminate  would  be  useful  for  explications  involving  acoustic  fatigue. 
Chemical  resistance  of  the  laminate  was  found  to  be  excellent  against 
most  U.S.  Nevy  environments.  Ihe  potential  u^fulness  of  future  hich 
temperature  laminates  was  well  demonstrated  by  this  study. 
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1.0.  BACRGaECOND:  Uber/Mstal  Tami Tates 

Fiber/meted  lemdnates  are  a  relatively  nev  develcpnent  vftiich  seek 
to  cxtdsine  the  beneficial  properties  of  metals  and  fiber-reinforoed 
ooqposites.  These  laminates  do  not  represent  a  new  class  of  material, 
but  rather  a  t^arid  material  systesn  vMch  can  be  designed  for  and 
tedloced  to  a  particular  education  in  the  same  way  that  a  ccopcnent  or 
structure  is  designed  for  its  intended  application. 

The  field  of  h^srid  ccnposites  is  perh2^  the  broadest  of  any 
class  of  materials,  enconpassing  everything  from  plywood  and  reinforced 
concrete  to  honeyccmb  structures.  This  research  focuses  only  on 
fiber/metal  laminates,  %hich  can  be  defined  as  a  sandwich  of  reinforcing 
fibers  between  thin  layers  of  metal.  An  adhesive  matrix  is  used  to  bond 
the  layers  together.  This  construction  is  shewn  in  Figure  1.  Several 
different  fiber/meted  laminate  systems  are  currsitly  in  production,  most 
notably  ARAUj^  (ABamid-Aluminum  laminate)  and  Glared.  The  properties 
of  this  and  other  laminate  systems  will  be  described  in  more  detail  in  a 
later  section.  First,  however,  it  is  beneficied  to  examine  the  history 
and  development  of  laminates. 

1.1.  laminate  Development.  Laminates  were  developed  in  the  early 
1980 's  by  a  team  of  researchers  at  Delft  lAiiversity  in  the  Netherlands, 
primarily  to  overcome  some  of  the  deficiax;ies  inherent  in  traditional 


*-  ARAUi,  ARALL  laminates,  ARAIIr4,  and  Glare  are  all  registered 
trademarks  of  Alcoa;  hereafter  the  ^  symbol  is  emitted  for  simplicity. 
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aeioqpaoe  materials.  In  particajlar,  edrcraft  sldn  matericils  such  as 
treKiitional  aluminum  alloys  are  very  susceptible  to  fatigue  damage. 
Wei^t  reduction  in  skins  and  other  fatigue-prone  structures  is  also  an 
important  factor.  Furthermore,  organic-matrix  oocposites  are 

limited  in  such  epplicaticns  by  their  relatively  poor  tou^iness,  damage 
tolerance,  and  resistance  to  moisture  absorption.  Ihe  Delft  team 

realized  that  by  ccnibining  continuous,  lew-density,  fatigue-resistant 
fibers  and  aluminum,  these  problems  could  be  overocme.  This  led  to  the 
development  of  ARAIL  Laminates. 

1.2.  AHAIIi  and  Other  Laminate  Systems.  ARMX,  vhioh  stands  for  ARamid- 
ALuminum  laminate,  is  a  registered  trademark  of  Alcoa,  vho  hold  the 
production  rigtits  for  this  type  of  fiber/metal  laminate,  It  consists 
of  alternating  layers  of  aluminum  alloy  sheet  and  unidirectional  aramid 
fibers  in  an  epo}^  matrix.  Four  variants  of  ARALL  are  available,  as 
shown  in  Table  I.  Each  variant  uses  a  different  type  of  alirndnuro  alloy, 
and  ARAII/-1  and  -3  are  stretched  after  curing  to  yield  a  more  favorable 
residual  stress  distributicxi  (since  aluminum  has  a  hi^ier  thermal 
es^pansicn  coefficient  than  most  fiber  materials,  the  aluminum  layers  are 
typically  in  residual  tension  cooling,  with  a  residual  oenpressive 
stress  in  the  fibers) .  In  addition,  ARALL-4  uses  a  hi^ier  tarperature 
epoo^,  allowing  hic^ier  use  temperatures. 

Delft  has  also  developed  a  seoend  type  of  laminate,  called  Glare. 
This  laminate  is  similar  to  ARALL,  but  it  uses  glass  fibers  instead  of 
aramid.  Vftiile  aramid  fibers  offer  hi^  strength  at  low  density,  they 
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have  several  dzsMsadcs.  For  exan{}le,  th^  tend  to  suffer  ndcxobuckling 
and  prenature  fedluie  vdien  subjected  to  ocnpressive  loads.  In 

addition^  there  is  a  considerable  bias  against  the  use  of  aramid  or 
kevlar  in  edrcraft  (and  particularly  naval  aircraft)  due  to  its 
relatively  hi^  moisture  absorption.  The  xrse  of  glass  fibers 

alleviates  these  shortoomings.  Glare,  liJce  ARALL,  is  avzdlable  in  four 
variants.  TVk>  of  these,  as  shewn  in  Table  U,  are  unidirectional  uhile 
the  other  tm  are  cross-plies,  having  fibers  in  both  the  0*  and  90* 
directions. 

ARAIIi  and  Glare  are  both  currently  being  produced  by  Alcoa  and 
marketed  by  Strix±ural  laminates,  an  intemationEd  oenpary  formed  by 
Alcoa  and  Akzo  Fibers  and  Polymers  for  the  purpose  of  marketing 
fiber/metal  laminates.  The  laminates  are  available  in  a  variety  of 
different  thicknesses;  the  most  cenmon  of  these  is  designated  3/2  ply. 
This  denotes  three  layers  of  aluminum  (each  sheet  being  0.012  inch 
thick)  and  two  layers  of  fibers  in  epcoty  (layer  thickness  about  0.008 
ixxh) .  other  (xnfigurations  include  2/1,  4/3,  5/4,  and  so  on. 

1.3.  Faibricatian  and  Properties.  ARALL  and  Glare  Laminates  are 
fabricated  iising  traditicxial  oonposite  techniques.  The  ciluminum  layers 
are  first  cleaned,  anodized,  and  primed  to  promote  a  strong  bonding  with 
the  Qxaxy.  Initially,  a  chronic  acid  anodizing  procedure  was 

used,  but  due  to  the  toxicity  of  the  cenpounds  involved,  this  Wcis  lat-^r 
changed  to  phosphoric  acid.  The  aluminum  and  fiber/epeny  layers  are 
then  Icdd  vp  in  the  desired  oenfiguration,  and  cured  in  an  autoclave 
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using  the  standard  cure  cycle  for  the  epoo^. 

Ihe  resulting  laminates  can  be  handled  and  machined  just  li)ce 
aluminum  sheet,  with  seme  exceptions.  For  instance, 
shearing  a  laminate  results  in  an  uneven  edge  with  danage  to  the 
aixaninum  layers  neeur  the  edge.  Bend  radius  in  the  unidirectionad 
laminates  is  very  good  parallel  to  the  fiber  direction,  but  is  limited 
by  fiber  extension  perpendicular  to  the  fibers, 

Ihe  mechanicsd  properties  of  and  Glare  laminates  have  been 
thoroughly  characterized  by  a  number  of  different  reseeuxhers.  Results 
for  ARMIi  can  be  found  in  virtually  edl  of  the  references  listed  at  the 
end  of  this  thesis;  those  for  Glare  are  published  in  references  8,  27, 
28,  29,  and  30.  Ihe  results  are  too  extaisive  to  be  incliided  in  this 
work,  except  to  say  that  strength  and  modulus  are  ocnparable  to 
oanventicnal  aluminum  (Figure  2) ,  density  is  Icwer,  and  fatigue 
resistance  under  certain  ccxiditions  is  several  orders  of  magnitude 
better  (Figure  3) .  The  reasois  for  the  esKsllent  fatigue  resistance 
will  be  discussed  in  more  detail  in  a  subsequent  section. 

1.4.  Jpplications  for  NKLL  and  Gleure. 

ARALL  was  originally  intended  for  use  in  fatigue-loaded  wing  and 
fuselage  skins  in  civil  aircraft.  Its  first 
application  (Figure  4)  was  in  FoWcer  F27  lower  wing  ^dn 
panels,  21,31,34-37]  ^  subsequently  for  fuselage  crack 
steppers  in  the  Airtxis  A320.  arall  is  also  to  be  used  for 
Icwer  wing  panels  and  fuselage  crack  stoppers  in  the  Fokker  F50  and 
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in  the  datrviUand  Canada  IHC--8,  ^39/40]  ^ 

panels  for  the  Boeing  777.  ^^3-]  iQ^e  fizst  oajar  militaxy  egjplicatlon  for 
ARAUi  is  in  the  Douglas  C-17.  A  nunber  of  major  C-17  ocnfxxients  were 
idaitified  as  potential  ARALL  applications,  36, 34, 39, 42, 43]  first 

being  the  rear  cargo  door,  which  was  first  flown  in  Ifey,  1992 
Other  military  applications  being  studied  include  various  fatigue-^rone 
copponents  in  the  A-7,  A-10,  F-5,  F-Ul,  and  0-130.^3^/39,45] 

Glare  laminates  are  intended  for  use  in  fusela^  skin 
panels,  30]  vhere  their  superior  fatigue  resistance  and  damage 
tolerance  will  allow  the  use  of  xmstiffened  fuselage  structures,  thus 
allowing  a  substantial  decrease  in  wei^t.  [44-50] 


l.S.  Draidaacks  of  ARAUi  and  GIARE.  A  major  drawback  of  both  ARAIL  and 
Glare  laminates  is  the  limited  range  of  use  tenperatures.  While  ARAU/- 
4,  the  hi^-tenperature  version  of  ARAIi,  has  demcaistrated  excellent 
mechanical  properties  down  to  -54*0,  it  is  limited  by  both  its  2024 
aluminum  and  its  AF-191  epca^  adhesive  to  an  ipper  use  temperature  of 
abcut  150*C.  [®^'^3]  araiIj  and  Glare,  therefore,  can  only  be  used  in 
2pplications  where  conventional  aluminum  alloys  or  composites  are  used. 
This  restriction  beoones  very  significant  in  military  aircraft 
applications,  where,  due  to  temperature  requirements,  fatigue-  and 
stiffness-critical  structures  are  often  made  from  titanium.  The  use  of 
hi^-temperature  laminates  in  such  ccmponents  could  yield  substantial 
wei^t  savings.  other  problems  with  ARALL,  namely  fiber  microbuckling 
in  compressicm  and  moisture  absorption,  have  already  been  mentioned. 
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2.0.  mnuxmrioM 

2.1.  Faibricatian  of  Laodaates. 

In  order  for  a  laminate  to  achieve  its  full  range  of  properties, 
the  layers  must  be  joined  together  in  a  precisely  controllable  manner. 
Viftule  just  the  right  bond  strength  can  yield  desiredsle  properties,  an 
inproper  or  varying  bond  strength  can  seriously  degrade  those 
properties. 

2.1.1.  Adhesion.  Adhesion  betue^  two  surfaces  arises  fron  short-range 

attractive  forces  betMeen  atcns  in  each  surface  .  Atomically  rough 

surfaces,  such  as  those  shown  in  Figure  5a,  have  a  relatively  small 
fraction  of  their  surfaces  in  contact.  Adhesion  forces  in  this  case  are 
small,  and  relatively  little  normal  force  is  required  to  separate  them. 
If  the  surfaces  are  sufficiently  rou^,  mechanical  interlocddng  can 
become  a  factor,  especially  when  shear  and  normal  forces  are  both 
applied  (Figure  5b) .  Atomically  smooth  surfaces,  on  the  other  hand, 
have  a  much  larger  fracticxi  of  contact  area  (Figure  6) .  As  this 
fraction  approaches  unity,  the  adhesion  strength  between  the  two 
surfaces  approaches  the  tensile  strength  of  the  solid. 

This  situation  becomes  more  ccnplicated  \Aien  fiber/teetad  laminates 
are  considered.  It  tkm  becones  a  case  of  a  viscoelastic  fluid  (the 
polymer  adhesive)  in  ccntact  with  an  atomically  rou^  solid  (the  metal) . 
In  this  case,  the  strength  of  the  bond  formed  depends  rpon  both  the 
degree  to  \hich  the  polymer  wets  the  metad  surface  (^hich  is  related  to 
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the  surface  energies  of  the  polymer  and  metal) ,  and  the  ability  of 
the  polymer  to  oonfom  to  the  rcu^  surface,  displacing  trapped  air  and 
contaminants.  With  a  clean,  atonically  smooth  metal  surface  and  under 
vacuum,  the  degree  of  wetting  is  the  cxily  inportant  factor  (Figure  7a) . 
Hcwever,  to  obtain  an  atonically  smooth  surface  would  inflate  the  cost 
of  the  laminate  to  the  point  of  uselessness.  Therefore,  one  must 
contend  with  a  rou^  surface,  and  with  the  inevitable  inocnplete  contact 
(Figure  7b) . 

There  are  a  nunber  of  ways  by  \ihich  wetting  of  the  metal  by  the 
polymer  can  be  iinjroved.  These  include  the  following: 

1)  Clean  the  surfaces  of  the  metal  and  polymer  as  well  as 
possible,  and  process  the  laminate  in  vacuo  to  minimize  surface 
contamination. 

2)  Use  a  polymer  with  a  lower  viscosity  at  the  desired  processing 
tenperature,  or  increase  the  processing  temperature  (or  pressure)  to 
lower  (or  overcome)  the  polymer's  viscosity, 

3)  Use  a  polymer  with  a  lower  surface  energy  or  which  i^ets  the 
metal  better. 

4)  Reduce  surface  rcugfness  as  much  as  possible. 

5)  Use  a  coating  on  the  metal  vhich  bonds  well  to  both  the  metal 
and  the  polymer,  such  as  a  primer. 

6)  Pretreat  the  cuter  surface  of  the  polymer  in  vhich  the  fibers 
are  imbedded  to  mate  it  more  chemically  active. 

Of  these  possibilities,  (2)  and  (3)  may  not  be  practical,  due  to 
the  limited  choice  of  polymer  and  metal  si^tems  suited  to  the  desired 
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lanunate's  properties,  or  to  xaterial  or  equipnait  limitations.  Option 
(4)  is  probably  also  inpractical,  since  it  is  unlikely  that  such  large 
surface  areas  could  cost-effectively  be  polished  to  the  required  level 
of  smoothness.  Opticxis  (1)  ,  (5) ,  and  (6)  are  used  currently  in  the 
production  of  ARALL  and  Glare  laminates,  and  have  been  shown  to  inprove 
bonding.  C15-19] 


2.1.2.  Taminn  Surface  Preparation.  Ohe  aluminum  sheet  xisually  used  in 
laminates  is  typically  degreased  and  cleaned,  and  then  deoocidized  to 
remove  the  existing  oxide  layer.  Ihe  surfaces  of  the  polymer  prqajeg 
nay  also  be  chemically  etched  to  remove  the  surface  layer  of  inpurities 
and  increase  the  chemical  reactivity  of  the  surfaces. 

In  addition  to  these  steps,  the  cdisninum  layers  are  nomally 
anodized  as  well.  Ohis  involves  the  imnersiai  of  the  sheet  in  an  acid 
bath  vhile  an  electric  current  is  passed  thrcu^  the  bath  with  the 
aluminum  sheet  as  the  anode.  Anodizing  causes  a  thick,  porous,  strongly 
adhering  oxide  layer  to  form  an  the  eduminum.  While  this  would 
seem  to  be  detrimentcd  to  the  formaticsi  of  a  strong  metal/polymer  bond, 
in  that  it  greatly  iixaieases  surface  rou^iness,  it  in  fact  greatly 
strmigthens  the  bond.  Ihe  rou^  surface  provides  an  excellent  source  of 
mechanical  interlocking  between  metal  and  polymer,  thus  greatly 
increasing  the  macroscopic  bend  strength, 

Similarly,  mechanical  rou^iening  of  the  metal  surface,  such  as  by 
grit  blasting  or  sanding,  would  be  e}pected  to  increase  overall  bend 
strength  as  cenpared  to  an  unrou^iened  (but  still  atomically  rou^) 
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surface,  Both  anodizing  and  various  mechanical  surface  treatments 
have  beai  found  to  iii{>rove  bonding  between  met2ds  and  polymers.  [55-58] 

Following  the  anodizing  or  rou^iening  procedure,  a  primer  or 
adhesive  may  be  applied  to  the  metal  surface  to  further  inprove  betiding. 
Since  primers  are  t^ically  low-viscosity  liquids,  they  can  be  allied 
easily  and  can  achieve  intimate  contact  with  the  metal  surface.  Upon 
curing,  the  primer  becomes  mechanically  strong,  and  provides  a  surface 
to  v^ch  the  polymer  can  bond  chemically. 

2.1.3.  Lay-ip  and  Processing.  Following  the  preparation  of  the  metal 
and  polymer  surfaces,  the  layers  are  stadeed  or  laid  up  as  with 
traditional  oenposites.  care  must  be  taken  not  to  contaminate  the 
bonding  surfaces  during  this  process,  or  else  the  quality  of  the  bold 
will  be  degraded.  Processing  of  the  laminate  can  be  performed  in  either 
a  laminating  press  or  an  autoclave,  d^^ending  on  the  size  of  the  panel 
to  be  fabricated  and  the  sensitivity  of  the  material  system  to 
processing  conditions. 

If  an  avitoclave  process  is  used,  the  laminate  lay-ups  must  be 
asseshled  an  the  autoclave  table  and  "bagged"  using  various  polymer 
sheets  and  blanket  itaterials.  Ihe  bag  is  seeded  with  sealant  strips  to 
allow  a  vacuum  to  be  maintained  on  the  laminate  lay-ups  vhile  external 
gas  pressure  is  applied.  The  oenbination  of  internal  vacuum  and 
external  pressure  insures  that  air  or  gas  will  not  be  trapped  in  the 
laminate,  and  that  the  pressure  applied  to  the  lay-^ups  is  uniformly 
distributed.  The  autoclave  also  cdlcws  the  use  of  an  inert  atmosphere 
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to  protect  the  materials  frcm  axidation  if  hi^  processing  tenperatures 
are  regLiixed.  However,  autoclave  processing  requires  large,  eapensive 
equipment,  and  consumes  a  great  deal  of  time,  bagging  materiad, 
pressurizing  gas,  and  cooling  water,  and  is  therefore  a  ocnplicated  and 
expensive  technique. 

A  laminating  press  is  such  less  oceplicated.  The  laminate  lay-ip 
is  placed  betMeen  two  heated  platens,  which  are  then  closed  and  pressure 
applied  hydraulicsdly.  This  technique  is  not  only  much  sirpler  than 
autoclaving,  but  is  such  less  costly  and  time  consuming.  In  addition, 
it  allows  the  utilization  of  much  hi^ier  pressures  than  are  possible 
with  an  autoclave,  vhich  are  ^pically  limited  to  200  or  250  psi.  The 
disadvantages  include  difficulty  in  evacuating  the  laminate  lay-^  of 
air  and  gases,  the  need  to  fabricate  the  laminate  panels  one  or  two  at  a 
time,  (unless  an  unusually  large  press  is  available),  and  the  fact  that 
the  degree  of  control  available  may  be  insufficient  to  follow  the 
polymer  supplier's  reconmended  pressure/tenperature  cycle. 

2.1.4.  Residual  Stress.  The  curing  or  laminating  process  taices  place 
at  an  elevated  temperature.  At  seme  point  during  post-cure  cooling,  the 
polymer  will  became  stiff  or  glassy.  If  a  thermosetting  polymer  is 
used,  sudi  as  an  it  will  become  stiff  ipon  curing.  If  a 
thermoplastic  is  used,  it  will  become  glassy  belcw  its  glass  transition 
temperature,  Tg.  Once  this  occurs,  the  fibers  imbedoed  in  the  polymer 
and  the  metal  layers  are  barbed  rigidly  together.  Therefore,  as  the 
laminate  oczttinues  to  cool,  the  different  coefficients  of  thermal 


11 


NAWCADWAR-93079-60 


es^iansicn  (CIEs)  of  the  fibers  and  metal  will  result  in  residual 
stresses  in  both  fibers  and  metal  layers  in  the  fiber  direction. 

Since  most  fiber  materials  have  a  lower  CIE  than  most  metals, 
the  residual  stresses  are  usually  ocspressive  in  the  fibers  and  tensile 
in  the  metal  layers.  The  latter  is  very  undesirable,  as  it  serves  to 
lower  the  effective  yield  strength  and  decrease  the  fatigue  resistance 
of  the  laminate.  These  effects  will  be  discussed  in  greater  det2dl  in 
section  2.2. 

Residual  stress  can  be  calculated  based  on  the  CICs  of  the 
conponents  and  the  assunption  that  the  fibers  and  metal  layers  are 
rigidly  bonded  by  the  polymer  matrix, '  with  no  matrix  shear.  The 
equations  for  residual  stress  in  the  metcil  and  fibers,  therefore, 

are  as  follows; 63] 

"res-B  =  t VfWm  +  W )  (1) 

’’res.t  =  [EAVtWn  +  W  ]  (2) 

vAiere  m  and  f  stand  for  metal  and  fibers  reflectively,  E  is  the  elastic 

modulus,  and  V  is  the  volume  fraction  of  each  ccnponent  in  the  laminate. 
The  cxntribution  of  the  polymer  matrix  can  be  neglected  in  such 
calculations,  as  its  cxxitribution  is  generally  very  small  conpared  to 
that  of  the  other  components,  except  for  its  ability  to  acconmodate  part 
of  the  residual  stress  throu^  shear  deformation.  The  factor  ae  is 
the  difference  in  thermal  strain  between  the  fibers  and  matrix  if  th^ 
were  not  bonded  together: 

Ae  =  o^T  -  (3) 

vhere  a  is  the  CIE  of  the  metal  or  fibers  and  AT  is  the  difference 
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between  the  cure  tein)eratute  (for  a  thennoset)  or  Tg  (for  a 
thermcplastic)  and  the  testing  taiperature. 

Note  that  the  denominator  in  equations  (1)  and  (2),  4-  EjpVf, 

is  equal  to  the  nominal  modulias  of  the  laminate,  hereafter  denoted  by 
(see  Equation  (14),  Section  2.2.2).  Also  notice  that  the  ratio 

^res.m  /‘^res.  f  =  (4) 

vMch  is  ind^>endent  of  the  moduli  of  the  metal  and  fibers  due  to  the 

mutual  constraining  effect  of  the  rigid  bond  between  them.  Note  that 
these  and  all  subsequent  equations  refer  to  properties  in  the 
longitudinal  (fiber)  direction  <»ly;  the  transverse  properties  are 
dcminated  by  the  metal  layers,  and  are  only  ciffected  by  the  longitudinal 
fibers  thrcxtg^  poisson  effects. 

2.1.5.  Post-Erooessing  Treatments.  As  noted  above,  it  is  undesirable 
to  hcive  a  residual  tensile  stress  in  the  metal  layers.  One  post¬ 
processing  treatment  vMch  has  been  used  with  ARAUj  and  Glare  laminates 
to  overcome  this  problem  is  post-stretching.  Diis  involves 

introducing  a  small  (0.4  or  0.5  %)  permanent  plastic  strain  into  the 
laminate  panel,  vhich  reverses  the  residual  stress  state  in  the  laminate 
because  the  metal  deforms  plastically  vhile  the  fibers  only  deform  in  an 
elastic  manner.  Ihus  the  metal  layers  new  contain  a  residual 
ocopressive  stress,  vhich  can  greatly  improve  yield  strength  and  fatigue 
resistance.  The  latter  has  been  demonstrated  throu^  cooparisons  of  the 
fatigue  b^iavior  of  stretched  and  unsti'etcfaed  versions  of  ARAIIj  and 

Glare. [24] 
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Other  post-^xrooessing  treatments  can  be  used  an  laminates  as  well, 
such  as  various  foming  processes  and  post-curing.  Fomability  of 
laminates,  as  mentioned  previously,  is  typically  good  in  the  transverse 
direction,  but  is  very  limited  in  the  fiber  direction  in  part  by  the 
inability  of  epoKy  matrices  to  shear  to  allow  relative  motion  between 
the  fibers  and  the  metal  layers.  Post-curing  involves  reheating  the 
laminate  to  allow  further  chemical  or  physical  changes  to  occur  in  the 
polymer. 

2.2.  Properties  of  Laminates. 

Most  laminate  systems  currently  available  or  envisioned  utilize 
unidirectional  fibers  for  reinforoement.  As  a  result,  the  properties  of 
these  laminates  are  directional.  The  degree  of  anisotropy  is  much  less 
than  in  unidirectional  composites,  however,  due  to  the  contribution  of 
the  aluminum  layers  to  the  transverse  properties.  Most  of  the 
properties  described  in  the  following  sections  refer  to  those  in  the 
Icaigitudinal  direction  since,  as  mentioned  before,  the  transverse 
properties  are  dominated  by  the  metal  layers. 

2.2.1.  Strength.  Laminates  contedn  a  ductile  ocnponent,  the  metal,  and 
a  brittle  (i.e.  non-yielding)  ocmponent,  the  fibers.  If  the  fibers  have 
a  sufficiently  hi^  fcdlure  strain,  the  laminate  will  undergo  yielding 
vhen  the  yield  point  of  the  metal  is  reached,  followed  by  a  second  stage 
of  elastic  defonnaticai  as  the  fibers  continue  to  elongate.  Ihis 
behavior  can  be  seen  in  Figure  8,  vhich  shews  a  typiced  stress-stredn 
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plot  for  ARAUM.  In  most  laminates,  fedlure  is  esqiected  to  ocxxir  i:pan 
fiber  failure,  as  opposed  to  failure  of  the  metal  layers,  since  the 
elongation-to-failure  of  the  metal  is  usually  the  greater. 

Die  strength  of  laminates,  like  that  of  traditional  ocnposites, 
can  be  predicted  by  a  rule  of  mixtures  (RCM)  e^jproach.  In  its 

siaplest  form,  the  KH  equation  for  yield  strength,  Oy^,  is: 

‘^yL  =  (V  ■  ""res-m)  +  ‘^‘f^f  (5) 

\ift)ere  is  the  yield  strength  of  the  metal,  (^x^s.m  ^  residual 

stress  in  the  metal  layers  after  processing,  is  the  volume  fraction 
of  metal  in  the  laminate,  a*^  is  the  stress  contribution  of  the  fibers 
at  the  laminate's  yield  point,  and  is  the  volume  fraction  of  fibers. 
Since 

‘^f  “  <<^f -‘^res.f)'  (6) 

JiihexB  Of  is  the  true  fiber  stress  at  the  laminate  yield  point,  and  since 

the  fibers  and  the  metal  layers  are  assumed  to  be  bonded  rigidly 
together,  it  can  easily  be  shown  that 

^f  =  (V  -  «^res.m)  (Ef/^m)  (7) 

vihere  E^and  are  the  elastic  moduli  of  fibers  and  metal,  respectively. 

Notice  that,  as  stated  previously,  the  residual  tensile  stress  in  the 

meud.  layers  reduces  the  yield  strength  of  the  laminate.  Ihe  residual 

stress  in  the  fibers  affects  the  yield  strength  of  the  laminate  cady 
indirectly,  in  that  it  is  associated  with  the  residual  tension  in  the 
metal.  Die  ultimate  tensile  strsfigth  can  be  predicted  in  a  similar 

manner:  [62,63] 

^uL  “  [‘^ym  “  ^res.m^  Yn  [‘^if  "  ^res.f)  ^f 
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The  yield  strength  of  the  metal  is  still  used  in  this  equation  because 
the  metal  is  assumed  to  ejdiibit  ideal  elastic-plastic  bdiavior. 

Ndte  that  the  residual  ccnpressive  stress  in  the  fibers 
(remenbering  that  in  these  eguaticxis  tension  is  positive  and  cxoixression 
negative)  ocunteracts  the  residual  tension  in  the  metal.  In  fact,  if 
Equation  (4)  is  substituted  into  Eqiation  (8) ,  the  residuad  stress  terms 
cancel  exit,  leaving: 

^UL  ® 

It  is  advantageous  that  the  residual  stress  terms  in  Equation  (8) 
cancel  out,  because  once  yielding  occurs  in  the  meted  layers,  the 
original  residual  stress  c:alculations  are  no  longer  valid.  The  initial 
residual  oonpression  in  the  fibers  does,  however,  increase  the  failvune 
strain  of  the  laminate  if  laminate  fcdlure  is  controlled  by  the  failure 
of  the  fibers.  Conversely,  if  laminate  failure  is  oc^ttrolled  by 
fracturing  of  the  itetal  layers,  the  residual  tension  in  the  metal  will 
sli^tly  decrease  the  failure  strain. 

It  can  edso  be  seen  that  post-stretching  a  laminate  will  increase 
its  yield  strength  and  fatigue  resistance,  but  will  not  affect  its 
tensile  strength,  and  will  decrease  its  elongation  at  failure. 

Finally,  it  can  be  seen  from  the  above  that  from  a  known  nominal 
stress  the  stress  in  either  the  metal  layers  or  the  fibers  can  be 
calcxilated  using  the  general  equation 

~  (‘^m  ”  ‘^res.m^  ^m  ^‘^f  "  ‘^res.f) 

By  assuming  strain  is  equal  in  all  layers  as  in  Equation  (7)  it  can  be 
shown  that 
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Ihus  the  stress  in  the  metal  layers  is 

=  ‘^les.m  +  ‘^L  /  fVt%/^>Vf]  (12) 

and  that  in  the  fibers  is 

<^f  =  ^res.f  [Vff (V%)Va]  (13) 

2.2.2.  Modulus.  Like  strength,  the  elastic  modulus  of  a  laminate,  E^, 
can  be  piredicted  by  the  RCH  technique.  Ihe  modulus  in  the  first  segment 
in  Figure  8,  idiere  both  the  metal  and  the  fibers  are  deforming 
elastically,  is 

El  =  Wn  EfVf (14) 
If  a  laminate  is  required  to  have  a  modulus  equal  to  or  greater  than 
that  of  the  metal  conponent,  then  the  ratio  of  the  moduli  of  the 
oocponents  rust  be 

Ef/E^  >  (l-\,)/Vf  (15) 

Itius  if  the  metal  volume  fraction  is  60%  and  the  fiber  loading  in  the 
polymer/fiber  layer  is  50%,  then  the  fiber's  modulus  rust  be  (1- 
0.60)/0.15  or  at  least  2.67  times  that  of  the  metal,  otherwise  the 
modulus  of  the  laminate  will  be  less  than  that  of  the  metal  used  in  the 
laminate. 

In  the  second  segment  in  Figure  8,  vhere  the  metal  is  deforriing 
plastically  and  the  fibers  are  deforming  elastically,  the  modulus  is 
given  by  the  equation 

El*  =  EfVf .  (16) 
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Again,  this  assumes  that  the  load  carried  by  the  altminum  layers  during 
plastic  deformation  is  constant. 

2.2.3.  Density.  Ihe  density  of  laminates  is  zdso  detemlned  by  BCM. 
When  predicting  strength  or  modulus,  the  contribution  of  the  polymer 
matrix  is  g^ierally  neglected  because  its  contribution  is  negligible 
compared  to  those  of  the  fibers  and  the  metal  layers.  Ihis  is  not  the 
case  for  the  density,  of  course,  vihere  the  contribution  of  the  polymer 
is  quite  significant.  Thus  the  macroscopic  density  of  a  laminate  is: 

Tl  -  r.Vm  +  ffV,  +  fpVp  (17) 
since  in  most  potential  laminate  systans,'  the  fibers  and  especially  the 
polymer  matrix  are  significantly  less  dense  than  the  metal  layers,  the 
density  of  the  laminate,  i.e.  the  wei^t  of  a  sheet  of  fixed  thicikness, 
is  less  than  for  the  monolithic  metal.  This  is  a  major  advantage  of 
laminates,  especially  vdien  it  is  considered  that  the  strength  in  the 
fiber  direction  is  generally  comparable  to  that  of  the  metal,  and 
fatigue  resistance  can  be  greatly  enhanced.  The  concept  of  ^lecific 
properties,  the  numerical  value  of  a  property  divided  by  the  density  of 
the  material,  is  very  important  in  evalmting  the  properties  of 
laminates,  since  weic^  is  a  universal  concern  in  every  edrcraft  design. 

2.2.4.  Fatigue.  The  property  for  vhich  laminates  axe  best  known  is 
their  fatigue  resistance.  As  was  menticxied  previously,  the  ARALL  family 
of  laminates  was  developed  specifically  for  this  property.  In 
monolithic  metcils,  fatigue  occurs  in  three  stages:  initiation  of  a 
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fatigue  cxadc,  stable  crack  propagation,  and  failure  (unstable  crack 
propagation). Ihe  duraticai  of  the  initiation  stage  is  very 
difficult  to  predict  at  ary  stress  level,  as  there  is  a  large  amount  of 
statistical  scatter.  In  general,  however,  it  can  be  sciid  that  the 
initiation  life  decreases  with  both  increasing  stress  and  increasing 
surface  or  edge  rou^mess.  Ihus  at  low  stress,  imtiation  of  a 
crack  takes  longer,  and  the  fatigue  life  of  the  specimen  is  dcndnated  by 
this  stage. 

At  a  lew  enou^  stress,  initiaticxi  nay  not  occur  at  ed.1  within  a 
reasonable  nuinber  of  cycles,  say  10^  cycles.  It  can  then  be  said  that 
the  naterlcd  does  not  suffer  fatigue  damage  at  that  stress  level,  i.e. 
it  has  unlimited  fatigue  life  at  that  stress.  B/  reducing  the 
specimen's  suarfaoe  rou^iness  by  polishing,  this  stress,  the  fatigue 
limit,  can  be  increased  substantially.  Surface  rou^iness  represents 
countless  tiny  stress  ocnoentrations,  as  well  as  potential  pre-initiated 
cracks,  so  it  is  no  surprise  that  it  has  a  strong  influence  on  fatigue. 

In  metals,  once  a  crack  of  viable  size  (i.e.  beycxid  the  "^lort 
crack"  regime)  has  formed,  failure  of  the  specimen  is  inevitable  if  the 
load  or  stress  level  ranains  fixed.  For  a  flat  specimen,  the  stress 
concentration  AK  at  the  tip  of  an  edge  crack  of  length  a  is  usually  of 
the  form:t®®l 

AK  =  YAo^a  (18) 
vAiere  Y  is  a  gecraetriceil  factor.  For. metals,  the  rate  of  crack  grxawth, 
da/dN,  always  increases  with  increasing  aK  (as  shown  in  Figure  9). 
Iherefore,  as  the  crack  grows,  ak  increases,  and  so  the  crack  grows  at 
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an  incxeasing  rate  until  failure  cocurs. 

Metal/fiber  laminates  can  be  designed  to  resist  both  the 
initiation  and  the  prcpagation  of  fatigue  cradcs.  Resistance  to  cradc 
initiation  can  be  built  into  the  laminate  in  two  ways.  Ihe  first  is  to 
use  a  hi^  modulus  fiber  and  a  hi^  volume  fraction  of  fibers.  Frcn 
Eguations  (lO)  through  (13),  it  can  be  seen  that  as  either  or  Vf 
increases,  more  of  the  load  on  the  laminate  is  si^^ported  by  the  fibers 
and  less  by  the  metal  layers.  With  sufficiently  hi^  values  of  and 
V^,  the  stress  in  the  metal  layers  beocnes  less  than  the  nominal  stress 
on  the  laminate,  thus  increasing  the  e^parent  resistance  of  the  laminate 
to  crack  initiatic»  as  ccnpared  to  the  monolithic  metal. 

Ihe  second  means  of  increasing  the  laminate's  resistance  to 
initiation,  also  apparent  from  Equations  (10)  thrcu^  (13),  is  to  post- 
stretch  the  laminate  to  leave  the  metal  layers  in  residual  conpression. 
Again,  this  results  in  a  lower  true  stress  in  the  metal  for  a  given 
laminate  stress  than  without  post-stretching. 

Designing  a  laminate  to  resist  the  growth  of  fatigue  cracks  \ihich 
have  cdready  initiated  is  a  more  ccoplicated  task.  When  a  crack 
develops  in  one  of  the  metal  layers,  that  layer  experiences  a  decrease 
in  stifhiess.  As  a  result,  some  of  the  load  initially  sipported  by  that 
layer  is  transferred  to  the  adjacent  fibers,  which  retain  their  original 
stiffness  (Figuire  10) .  Thus  the  maximum  stress  in  the  metal  is  reduced. 
If  the  crack  continues  to  grow,  more  of  the  metcil  layer's  load  is  taken 
vp  by  the  fibers,  further  reducing  the  stress  in  the  metal.  This 
process  is  known  as  load  shedding,  and  the  fibers  are  sedd  to  bridge  the 
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advancing  craick:  .  Ihls  oonxpt  is  used  to  advantage  in  a  vide  variety 
of  ocnfjosite  systems,  including  ocnvaiticnal  ocoposites  and  touc^iened 
ceramics, 

If  the  laminate  can  be  designed  so  that  the  rate  of  reduction  of 
the  stress  in  the  metal  due  to  load  diedding  is  greater  than  the  rate  of 
increase  in  ya,  then  the  maxiiman  stress  ooncaitration  factor  K^av  (and 
also  aK)  will  decrease  as  the  crack  grows.  As  a  result  of  the  decrease 
in  AK,  the  crack  growth  rate  da/dN  will  decrease  with  increasing  crack 
length.  Ihus  the  crack  will  grow  at  an  ever-decreasing  rate,  and  will 
evKitually  crease  growing  at  all.t^'^^'^^^  Hus  is  called  crack  arrest, 
and  for  obvious  reasons  it  is  a  hi^ily  desiradsle  condition  in  any  load- 
bearing  material  or  structure.  Ihis  behavior  can  be  seen  in  Figure  11, 
vhich  shews  a  plot  of  da/dN  fc»:  ARAIL  versus  the  stress  intensity  range 
AK  ^plied  to  the  laminate  (vhich  of  course  differs  from  the  aK 
e}g>erienoed  by  the  metal  layers) . 

Hie  effectiveness  of  the  load  shedding/crack  bridging  mechanism 
depends  strongly  on  the  strength  of  the  fiber/toetal  bond  formed  by  the 
polymer  ratrix  .  In  general,  a  strong  bond  is  desirable.  Delamination 
is  known  to  occur  in  oonposites  and  laminates  during  fatigue  crack 
growth.  case  of  laminates,  prior  to  crack  initiation  the 
instantaneous  stresses  in  the  different  layers  are  given  by  Equations 
(12)  and  (13) .  Hiere  is  a  Mode  II  shear  stress  in  the  polymer  layer 
between  the  fibers  and  metal  due  to  the  different  stresses  in  the  latter 
two.  When  a  crack  fcams  in  the  metal,  the  magnitude  of  this  ^lear 
stress  increases  as  load  is  shed  from  the  metcil  to  the  adjacent 
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fibers.  Ihe  inczeased  cyclic  shear  stress  cavises  delamiration  to 
occur  in  the  polyner  layer.  Ihe  amount  of  delamination  \dhich  occurs, 
and  thus  the  fatigue  resistance  of  the  laminate,  depends  on  the  bond 
strengths  at  both  the  fiber/polymer  and  the  metal/polymer 
interfaces. 

A  strong  bend  results  in  only  a  small  amount  of  del  ami  nation,  as 
^V3wn  in  Figure  12a.  With  such  a  small  length  of  d^xnded  fiber,  a 
hitler  fiber  stress  will  result  in  c»ly  a  very  small  amount  of  stretch 
in  the  debonded  section  of  the  fiber.  Ihis  corresponds  to  a  very  small 
amount  of  crack  opening  in  the  adjacait  metal  layer.  Thus  the  load 
shedding  process  is  very  efficient,  the  growth  rate  of  the  crack  drops 
off  quickly,  and  crack  arrest  is  achieved  at  a  relatively  snail  crack 
length. 

A  weak  fiber/metal  bond,  on  the  other  hand,  results  in  a  larger 
area  of  delamination  (Figure  12b) .  The  greater  length  of  d^Dcnded  fiber 
can  stretch  nuch  more  for  a  given  stress  increase  than  in  the  previous 
case,  and  this  greater  stretch  translates  to  more  crack  opening  in  the 
ac^aoent  metal  layer.  Thus  the  metal  load  is  shed  inefficiently  onto 
the  fibers,  and  crack  growth  rates  may  either  increase  with  crack  length 
or  decrease  too  slcvly  to  arrest  the  crack  before  the  metal  layers  fail. 
The  fiber  layers  would  still  be  intact  and  able  to  carry  axial  loads,  so 
even  this  situation  is  better  than  in  a  monolithic  metal,  but  clearly 
for  good  fatigue  resistance  a  strong  bond  is  desirable. 

The  bend  should  not  be  too  strong,  thou^,  otherwise  no 
delamination  will  occur  during  crack  forroaticxi.  If  this  is  the  case. 
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the  fibers  adjacent  to  the  crack  will  experience  an  unblimted  stress 
ccncentraticn  frcm  the  crack  t:^,  and  fiber  fciilure  due  to  overloading 
nay  occur  as  the  crack  advances  throu^  the  metal  (Figure  13) .  Althcu^ 
this  situation  represents  very  efficient  load  shedding,  the  fibers  are 
unable  to  bridge  the  advancing  crack,  and  little  baiefit  is  gained. 
Iherefore  a  small-  but  not  excessive-  amount  of  delamination  is 
desirable. 

Additional  resistance  to  crack  growth  arises  from  the  facrt  that 
the  laminate  is  a  layered  structure,  viiich  prevents  cracks 
initiate  in  one  layer  frcm  growing  through  the  whole  laminate  (Figure 
14) .  Because  of  this  crack  divider  arrangement,  cracks  must 

initiate  independently  in  each  layer-  and  in  the  case  of  the  fiber 
layers,  in  each  fiber.  This  further  slows  the  growth  of  cracks. 

In  sunmary,  in  order  to  exploit  the  potential  fatigue  resistant 
properties  of  laminates,  one  should:  (1)  Use  a  hi^  volume  fracticxi  of 
a  hi^-modulios  fiber;  (2)  Post-stretch  the  laminate  to  obtain  a 
residual  ocnpressive  stress  in  the  metal  layers;  and  (3)  insure  that  the 
polymer/metal  bcxid  is  strong,  but  not  too  strong. 

2.2.5.  Toughness.  Ihe  tou^iness  of  a  material  is  usually  determined  by 
calculating  the  energy  absorbed  by  a  Charpy  or  Izod  specimen  during  an 
impact  of  fixed  initial  energy.  Hiis  is  iipractical  with  a  laminate  due 
to  their  typically  small  thickness;  however,  the  energy  required  to 
ficacture  a  tensile  specimen  can  give  a  good  indication  of  the  material’s 
toughness.  This  energy  can  be  estimated  by  determining  the  area  xmder 
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the  tensile  stress-strain  curve.  It  cetn  be  readily  seen  that  if  a 
material  is  able  to  defom  to  a  large  degree,  the  energy  required  for 
fracture-  and  thus  the  touchiness  of  the  material-  will  be  hi^.  For 
laminates  with  a  stress-strain  curve  lUce  that  in  Figure  8,  it  can  be 
shewn  that  the  energy  absorbed  during  deformation  up  to  the  point  of 
f2dl\]re,  6^,  is 

Ga  =  ay2/2EL  +  (ay2  -  a^)/2E^*  (19) 
vAiere  Oy  and  are  the  yield  and  ultimate  strengths  of  the  laminate. 
Ihe  derivative  of  this  with  reinject  to  Oy  is 

d(G^j)/d(ffy)  =  Oy/EL  -  <Xy/EL'/  (20) 
and  since  ,  it  can  be  seen  that  increasing  the  yield  strength  of 
the  laminate  by  post-stretching  decreases  the  energy  required  to  deform 
the  laminate  to  failure.  This  is  as  expected,  since  the  post-stretch 
represents  an  irreversible  addition  of  strain  energy  toward  eventual 
failure. 

At  the  point  of  failure,  the  elastic  energy  stored  in  the  metal 
and  fibers  is  released.  Neglecting  the  effects  of  necilung  in  the  metal, 
this  elastic  energy  G^  is  given  by 

°e  =  (21) 
where  and  are  the  ultinate  strength  of  the  fibers  and  the  metal, 
this  value  is  constant  regardless  of  residual  stress  state,  and  most 
laminates  tend  to  delaminate  extensively  ipcxi  tensile  failure  as  a 
result  of  the  elastic  energy  released  anyway, 

2.2.6.  impact  Tolerance.  A  material's  ability  to  withstand  impact 
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loading  is  determined  by  the  material's  tcu^iness  and  its  ability  to 
resist  fast  cxadc  prcpagation.  Ihe  importanoe  of  the  latter  is 
demonstrated  by  many  materials  vihich  possess  good  tou^iness  and  ductile 
bdiacvior  at  lew  strain  rates  (e.g.  during  tensile  testing),  but  poor 
tcu^iness  and  brittle  fracture  during  high  strain  rate  ijopact  tests. 
Metals  deform  at  lew  strain  rates  by  dislocation  motion.  However,  at 
hitler  strain  rates,  the  time  available  for  dislocations  to  move  and 
reduce  the  stress  intensity  at  the  cracGc  tip  becomes  less.  At 
sufficiently  hi^  strain  rates,  therefore,  the  material  will  di^lay 
brittle  b^iavior,  and  iitpact  resistance  will  be  very  lew. 

Tirparrh  resistance  in  cenposite  materials  is  enhanced  by  the 
presence  of  interfaces.  In  metal-matrix  cenposites,  there  are 
particle/matrix  or  fiber/matrix  interfaces,  in  organic  oernposites  and 
fiber/metal  laminates,  there  are  both  fiber/matrix  inteirfaoes  and 
interlaminar  interfaces.  As  in  fatigue  crack  prcpagaticxi,  when  an 
advancing  crack  due  to  an  impact  encounters  an  interface  vAiich  is  weak 
relative  to  the  coeponent  materials,  delamination  occurs  at  the 
interface.  The  creaticxi  of  internal  surface  area  absorbs  seme  of  the 
crack's  energy,  as  well  as  blunting  the  crack  tip.  Thus  an  impact  which 
might  propagate  to  failure  in  a  monolithic  metcil  can  be  absorbed  by  a 
laminate,  and  still  leave  the  fibers  intact  to  bridge  any  throu^- 
conponent  of  the  crack. 

The  impact  resistance  of  ARALL  laminates  has  been  studied,  and  has 
been  found  to  be  very  21 ,22,26,1^-161  Residual 

strength  after  impact  has  also  been  shewn  to  be  siperior  to  monolithic 
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metals.  Delamiration  in  the  aramicVepcs^  layers  distributes  the  inpact 
over  a  larger  area  in  each  sckooessive  aluminum  layer.  Thicker  versions 
of  ARMJj,  containing  many  layers  of  aluminum  and  araaid/epco^,  are  being 
developed  for  use  as  ballistic  amor. 

A  majca:  issue  vhicii  must  be  considered  along  vdth  ispact  tolerance 
is  the  in^iectability  and  r^irability  of  irpact  damage,  m  meteds, 
inpact  damage  may  take  the  fom  of  cracks,  dents,  or  holes.  These  are 
easily  identified  in  most  cases,  and  the  damage  generally  does  not  go 
far  beyond  the  visible  limits  of  the  feature.  In  ccnposites,  on  the 
other  hand,  an  inpact  may  cause  seme  initial  deformation  of  the  surface, 
but  the  surface  often  returns  to  its  normal  eppearanoe  after  the  impact. 
Thus  the  panel  or  oonponent  may  look  undamaged,  yet  may  oontedn  serious 
damage  in  the  form  of  delamination,  matrix  cracking,  and  fiber  breakage. 
The  extent,  and  often  the  very  existence,  of  such  damage  can  only  be 
ascertained  by  using  ultrasonic  or  X-ray  scanning  techniques,  vhich 
necessitates  the  removal  of  the  part  from  the  aircraft. 

It  is  highly  desirable  frexn  cost,  tine,  seifety,  and  sipportability 
stanc^ints  to  be  able  to  assess  inpact  damage  visually  in  tiie  field. 
Furthermore,  it  should  be  possible  to  cut  out  the  damaged  area  and 
repair  it  with  some  sort  of  patch  so  that  the  aircraft  can  resume  its 
mission  as  quickly  as  possible.  While  this  is  a  sinple  procedure  with 
metals,  field  repair  of  oemposites  remains  difficult  despite  the 
enormous  cost  and  effort  applied  toward  this  goal.  Inspectability  and 
repairability  of  inpact-daroaged  ocoposites  remains  one  of  the  stanongest 
arguments  against  their  use  in  adreraft  structures,  despite  their  great 
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potential  for  wei^t  reduction. 

laminates  are  freguaitly  oondemned  along  with  tradition^d 

oonposites  \d)en  the  question  of  infiact  damage  arises.  Hcwever,  there  is 

» 

little  question  that  laminates  are  vastly  stQ^erior  to  oonfxssites  in  both 
the  inspectability  and  repairability  of  ispact  damage.  Any  iapact  viiich 
mi^it  cause  internal  damage  in  a  laminate  is  also  oert2dn  to  leave  a 
dent,  hole,  or  crack  in  the  surface  metal  layer  which  is  as  ea^  to 
locate  visually  as  it  would  be  in  a  monolithic  metal.  There  would  be 
some  delamination  beneath  the  surface  which  would  extend  beyond  the 
visible  damage,  but  this  damage  has  be^  to  be  of  relatively  small 

size  and  regular  diepe. 

Furthermore,  a  laminate  part  can  be  patched  in  the  same  way  as  a 
metal  part,  and  in  fact  riveted  repairs  in  ARAIL  have  been  found  to  be 
stronger  than  those  in  ocarventional  aluminum.  I- If  the  delaminated 
section  is  not  ocnpletely  removed  in  the  r^>air,  there  is  a  small  loss 
in  stiffness,  but  strength  is  essentially  unaffected  due  to  the 
contribution  of  the  meted  layers  to  the  integrity  of  the  part. 

2.2.7.  Dynamic  Properties.  Traditional  nan-polymeric  materials  are 
characterized  primarily  by  linear  elastic  or  elastic-plastic  bdiavior. 
Ideally,  linear  elastic  properties  ixoply  a  nunber  of  different  types  of 
behavior,  including  the  following:  f (1)  Strain  is  prcporticzal  to 
stress,  the  ratio  a/e  being  equal  to  the  elastic  nodulus  E;  (2)  the 
stress-strain  relation^p  is  independent  of  time;  and  (3)  the  stress 
re^xxTse  to  an  applied  cyclic  strain  is  perfectly  in  phase  with  the 
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cyclic  strain.  This  last  property,  shown  scheanatically  in  Figure  15a, 
means  tiiat  any  sort  of  pressure  waves,  such  as  sound  waves  or 
mechanically  produced  vilnratians,  are  transmitted  thrcu^  the  material 
with  essentially  no  loss  of  energy.  This  can  be  a  scxiroe  of  numerous 
problems  in  aircraft,  \here  engine  noise  and  vibration  can  cause  fatigue 
czacking  in  any  of  a  nunber  of  structural  cxxoponents.  In  eddition, 
aigine  noise  is  a  major  source  of  crew  and  passaiger  fatigue  and 
^ivizonniental  danage  in  bc3th  civil  and  military  edrcxaft. 

Non-crystalline  polymeric  materials,  on  the  other  hand,  are 
characterized  by  viscxielastic  b^vior.  means  that  they  di^lay  a 

conbination  of  elastic  and  viscous  ciaracteristics.  This  includes  the 
follcwing  properties:  (1)  strain  and  stress  are  not  direchly 

related,  hut  rather  are  approximately  related  by  the  so-called  "three- 
parameter  solid"  relaticnship: 

a/M  +  (do/dt)/E  =  Ee/M  +  (de/dt)  (I+E2/E)  ?  (22) 

(2)  the  stress-strain  relaticnship  is  hichly  time-dependent  (as  is 
c^Jparent  from  the  above  eguaticn) ;  and  (3)  The  stress  reqxnse  to  a 
cyclic  strain  (or  vice-versa)  is  out  of  phase  with  the  strain. 

This  last  item  is  shewn  schematically  in  Figure  15b.  The  amount 
of  the  phase  Shift,  S,  depends  on  a  nunber  of  factors,  inelvding  the 
material,  degree  of  exosslinking  or  crystallinity,  tenperature,  and  the 
frequency  of  the  cyclic  stress  or  strain.  The  phase-^iifted  stress- 
stredn  relationship  re^xnse  is  described  mathematically  by  a  cxmplex 
mo(3ul\;is,  vhere  the  real  (in-phase  or  elastic)  exmponent  is  called  the 
storage  modulus,  and  the  imaginary  (out  of  phase,  viscrus)  exmponent  is 
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called  the  loss  noduliis.  Ihe  ratio  of  the  loss  to  the  storage  modulus 
is  ectued  to  tan  6, 

A  purely  viscous  response  results  in  oonplete  absorption  of  strain 
energy,  \diile  as  mentioned  parevicusly,  a  purely  elastic  re^xnse  results 
in  zero  energy  absorption.  Tanj  represents  the  amount  of  viscous 
character  vhich  the  material  possesses.  The  value  of  tan£  under  any 
particular  conditions  is  therefore  directly  related  to  the  material's 
ability  to  edasorb  vibrational  or  elastic  strain  energy.  For  this 
reason,  non-crystalline  polymers  have  better  sound-  and  vibration- 
attenuating  properties  than  metals  or  other  cxystcdline  materials. 
Unfortunately,  they  suffer  from  lov  strength,  modulus,  and  chemical  and 
erosion  resistance  oonpared  with  other  materials. 

By  incorporating  a  polymer  into  a  fiber/metal  laminate,  a  degree 
of  viscous  bdbacvior  is  introduced  into  the  laminate  as  well.  This  is 
the  source  of  ARAIL's  favorable  damping  qtalities. 

76,78]  addition,  any  hi^  temperature  laminates  vMch  utilize  a  non- 
cryst2dline  polymer  matrix  would  be  e>pected  to  have  better  damping 
characteristics  than  monolithic  metcds.  The  degree  of  damping  vftiich  is 
possible,  and  the  range  of  service  conditions  for  which  it  exists,  will 
determine  the  sort  of  explications  for  \diich  the  laminate  mic^t  be 
useful. 


2.2.8.  Theimal  Besistanoe.  The  thermal  properties  of  a  material 
include  several  factors  vMch  are  critical  in  aircraft  design.  One  of 
these  is  bum-throuc^  resistance,  vftiich  is  the  resistance  of  the 
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matericil  to  paietration  an  inpinging  flame  of  kncun  characteristics. 
This  prcperty  is  am  of  the  critical  csnsideraticns  in  the  design  of 
edrcraft  firsMalls  and  other  engine-bay  ccnponents.  The  fireMall  is 
reqoired  to  vdthstand  a  flame  of  a  csrtedn  tanperature  for  a  oertcdn 
length  of  time,  to  insure  that  if  an  engine  shculd  explode  or  catch 
fixe,  the  other  engine  or  surrounding  structures  will  not  be  damaged  by 
excessive  heat  before  the  fire  csn  be  extinguished  or  before  an 
emergency  landing  can  be  made.  The  better  the  material's  resistance  to 
bum  throu^  is,  the  thinner  and  lifter  it  can  be  for  the  same  ta^. 
At  sene  level  of  thinness,  stress  would  beocme  the  critics!  prcperty 
rather  than  bum-throu^  resistance. 

IfOoinates  such  as  ARAUi  have  been  shown  to  possess  excellent  bum- 
through  resistance.  when  e)posed  to  a  high  tenperature  flame,  the 
cuter  layer  of  aluminum  melts  away  relatively  quickly,  but  the 
underlying  polymer  and  fibers  absorb  a  great  deal  of  thermal  energy  by 
charring.  In  fact,  in  3/2  ply  ARAUi  so  much  energy  is  absorbed  in  this 
process  that  the  damage  is  confined  to  the  top  layer  of  edimiinum  and  the 
first  areasd.d/epaxy  layer  even  eifter  monolithic  aluminum  of  the  same 
thiedeness  as  the  ARAIIj  has  suffered  complete  bum-threu^. 

Another  irportant  thermal  property  is  li^tning-strike  resistancse. 
The  thickness  of  the  lower  wing  skins  cn  most  aircraft  is  dictated  by 
the  magnitude  of  the  tensile  fatigue  stresses  to  \ihich  th^  are 
subjected.  However,  in  many  aircraft  the  thickness  of  the  vpper  wing 
skins  is  dictated  not  by  stress,  but  by  li^xtning  strike  resistanoe. 
Since  the  wings  usually  serve  as  fuel  tanks,  the  skin  must  be  thick 
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enough  that  a  lic^tnuig  strike  will  not  penetrate  it  and  ignite  the  fuel 
inside.  As  a  result,  the  upper  wing  skins  are  often  substantially 
thicker  than  they  need  to  be  based  on  the  stresses  on  them.  Cleeurly, 
weic^  sandngs  could  be  achieved  by  using  a  material  with  isfiroved 
lightning  strUoe  resistance. 

The  li^itning  strike  resistance  of  ARAUi  has  been  found  to  be 
eocellent  oonpared  to  that  of  monolithic  aluminum. 

As  with  bum-throu^,  damage  is  confined  to  the  outer  layers  of  the 
laminate  by  both  charring  of  the  fibers  and  epax^,  and  due  to  the 
thermal  and  electrical  insulation  provided  by  the  aramicVepoo^  layers. 

A  third  in{X3rtant  thermal  property  is  thermal  management,  or  more 
specifically,  the  ability  of  a  material  to  transport  heat  in  the  desired 
manner.  In  ocmhat  auroraft,  for  instance,  it  is  undesirable  for  the 
outside  of  the  aircraft  to  get  hot  throu^  ocxiductian  of  engine  heat;  to 
do  so  would  make  the  aircraft  an  easier  target  for  heat-seeking 
missiles.  Conversely,  there  are  numerous  internal  parts  in  edrcraft 
vhich  must  be  protected  from  outside  heat  or  cold,  such  as  avionics, 
landing  gear,  or  passengers.  In  either  case,  a  material  with  lew 
themal  conductivity  across  its  thickness  would  be  beneficial.  The 
polymer  layers  in  laminates  provide  such  a  thermal  barrier. 
Furthermore,  by  using  a  thermally  conductive  fiber  in  the  side  tdiich  is 
exposed  to  heating,  heat  from  a  ocnoentrated  source  could  be  distributed 
efficiently  over  a  large  area. 
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2.2.9.  Envixomental  Resistance.  In  most  materied  applicaticns,  the 
material's  resistance  to  attack  fxan  or  degradation  due  to  the 
envixonnent  in  viiich  it  works  is  a  major  ocnoem.  Depending  on  the 
education  and  the  material,  ern/ircnmental  attack  can  take  many 
different  forms.  Pertain  materials  are  susceptible  to  certain  forms  of 
attack,  but  not  to  others,  as  is  demonstrated  by  the  partial  list  in 
Table  in. 

The  enn^ironmental  factors  vhich  will  effect  ocnposite  materials, 
including  laminates,  depends  on  (l)  the  environment,  (2)  the  materials 
used  in  the  ocxposite,  and  (3)  how  the  ocoponent  materials  are  arranged 
in  the  oanposite.  By  careful  selection  of  both  materials  and 
configuration,  a  ocnposite  vAiich  is  most  suited  to  its  intended 
environment  can  be  designed. 

Laminates  were  designed  primairily  with  mechanical  properties  in 
mind,  particularly  fatigue  resistance  and  strength.  However,  vhen 
conpared  to  organic  cooposites,  their  configuration  is  also  beneficial 
in  terms  of  environnental  resistance.  Aside  from  their  contribution  to 
the  mechanical  properties  previously  described,  the  outer  layers  of 
metal  serve  to  protect  the  underlying  fibers  and  polymer  from  most  of 
the  environmental  effects  \hich  would  otherwise  occur.  Th^  act  as  a 
barrier  to  moisture,  solvents,  oo^en,  and  ultraviolet  radiation;  they 
also  protect  the  softer  oorponents  from  erosion  by  airborne  particles 
and  hot  gases. 

For  the  most  part,  therefore,  the  environmental  resistance  of 
laminates  is  similar  to  that  of  the  met2il  used  in  the  laminate.  The 
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major  difference  occurs  at  the  edges  of  die  laminates^  where  the 
palymer/fiber  layers  are  eitposed.  The  edges  are  the  only  means  by  viiich 
moisture  and  solvents  can  enter  the  laminate^  aside  from  cracks  or  holes 
in  the  metal  layers  themselves.  Moisture  or  solvarts  can  diffuse  inward 
through  the  edges,  vhere  their  sain  effect  is  to  corrode  or  ueakai 
fiber/^lymer  and  polymer/metal  interfaces. This  can 
have  a  detrimental  effect  cn  the  stif&iess,  fatigue  resistance,  and 
other  properties  of  the  laminate.  The  rate  of  moisture  or  solvent 
absorpticn  is  very  small  ocopared  to  that  in  ocnvoitional  ocnposites, 
hCMSver,  because  the  area  available  for  entry  is  very  such  smaller  in 
laminates. 

Environmental  attack  at  the  edcfes  can  be  reduced  by  sealing  them 
vdth  some  sort  of  material  vhich  acts  as  a  moisture  and  chemical 
barrier,  such  as  silioane*^3ased  sealants.  This  technique  has  been  shown 
to  reduce  the  weakening  of  aluminun/^xaty  interfaces  in  ARAlIi-4. 

2.3.  High  Taiperature  laminates. 

The  currently  available  fiber/inetal  laminate  systeoas,  ARALL  and 
Glare,  are  limited  to  use  tenperatures  of  250-300*F.  Temperature  limits 
in  laminates  are  based  on  two  factors:  the  tesperature  capabilities  of 
its  oonponents  and  residual  stresses.  In  ARALL  and  Glare,  the  limit  is 
based  an  the  ipper  use  temperatures  for  the  alimtinum,  the  epoxy,  and  the 
primer  used  to  promote  bonding  between  them.  If  hic^  tenperature 
materials  were  used  to  produce  a  hi^  teaiperature  laminate,  it  is 
possible  that  the  residual  stresses  due  to  the  hic^  processing 
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teoDperatuxe  be  too  hi^  for  the  met2d/^lyiner  bond  strength,  and 
delamination  could  occur. 

Even  if  the  bond  strength  were  sufficiently  high  oont>ared  to  the 
residual  stresses,  tenperature  cycling  could  lead  to  fatigue  and 
scteeguent  delamination  or  fatigue  craddng,  even  if  no  load  were 
applied.  Clearly,  the  developmait  of  laminates  for  high  temperature 
applications  involves  some  potential  problems  vhich  are  not  encountered 
in  ARAIli  or  Glare. 

2.3.1.  Ibe  Need  for  High  Temperature  laminates.  To  date,  ARAUj  and 
Glare  have  found  applications,  actual  and  potential,  in  a  nunber  of 
different  types  of  aircraft.  Most  of  these  explications  have  been  in 
components  viiere  acoustic  or  nechaniccil  fatigue  are  major  concerns.  The 
development  of  hi^  temperature  laminates  would  edlcw  such  benefits  to 
be  extended  to  components  ei^osed  to  elevated  temperatures.  Ohe 
fatigue,  acoustic  damping,  and  bum-thrcu^  properties  of  such  laminates 
could  result  in  substantial  wei^t  reductions  compared  to  titanium  in 
firewalls  and  ^igine  shrouds.  Ihey  could  also  replace  titanium  or  steel 
in  eidiaust-heated  structures,  missile  casings,  airl  a  wide  range  of 
fuselai^  sluns  and  panels  in  future  sipersonic  or  hypersonic  v^iicles. 
The  use  of  hi^  temperature  laminates  for  entire  fuselage  sections  in 
future  hi^*'i^)eed  transports  could  reduce  structural  wei^it  by  thousands 
of  pounds,  \dule  increasing  fatigue  resistance  and  damage  tolerance,  and 
reducing  int^dor  noise  levels  and  temperature  fluctuations. 

Current  U.S.  Navy  interest  in  hi^  temperature  laminates  is 
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focused  on  firewalls  and  other  oigine-heated  structures,  2ieEa^namically 
heated  skins,  and  reduction  of  noise  and  thermal  signatures  in  future 
naval  aircraft.  Navy  research  into  hig^  temperature  laminates  is  aimed 
at  achieving  physical  and  mechanical  properties  which  will  allow  their 
use  in  the  explications  above,  while  minimizing  the  cost,  ocnplexity, 
and  environmental  inpact  of  fabricating  them.  In  performing  this 
research,  it  is  necessary  to  address  a  number  of  important  issues. 

2.3.2.  Issues  for  High  Temperature  Laminates.  Ihe  important  issues 
associated  with  the  develcpment  of  hi^  temperature  laminates  for  use  in 
future  U.S.  Navy  aircraft  include  the  following: 

(1)  Chemical  Stability.  Die  polymer(s)  used  in  ma]ung  the 
laminate  should  be  stable  at  room  temperature,  so  that  they  can  be 
handled  at  rocm  temperature  during  surface  treatment  and  laminate  lay- 
vp.  It  is  also  hig^y  preferable  if  the  fiber/polymer  prepreg  can  be 
stored  at  room  temperature  for  long  periods  of  time.  Most  currently 
avedlable  ocmposite  resins  are  chemically  active  polymer  precursors,  and 
beoqne  iiiseless  within  several  hours  or  days  if  not  stored  in  a  freezer. 
Even  in  the  freezer,  many  resins  have  shelf  lives  of  only  three  to  six 
months.  Diis  is  clearly  a  major  oonplicating  factor,  vAiich  adds 
considerably  to  the  cost  and  difficulty  of  working  with  such  materials. 

(2)  Processing.  One  polymer  property  vdiich  is  hi^ily  desirable 
&cm  a  processing  stanc^int  is  a  low  volatile  oontait.  Many  polymer 
resins  oontcdn  a  large  percentage  of  volatile  ocnpounds,  such  as 
solvents  to  hold  the  polymer  precursors,  tdiich  evcporate  during  the  cure 
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cycle.  In  addition,  nary  resins  release  %«ater  va^xsr  or  other  volatiles 
as  part  of  the  chemical  reactions  %ihioh  occur  during  curing.  All  of 
these  volatiles  oust  be  removed  frcn  the  ocnposite  before  the  cure  c/cle 
is  ccnplete,  otherwise  they  will  accumulate  within  the  polymer  to  fora 
voids,  which  have  a  detrimental  effect  on  nary  of  the  material’s 
properties.  Ihis  problem  is  especially  severe  in  laminates,  in  which 
the  polymer  is  sandwiched  between  two  sheets  of  metal.  Thus  most  of  the 
surface  area  available  for  the  outward  diffusion  of  volatiles  is  lost. 
Gases  must  be  squeezed  out  through  the  edges  of  the  laminate  panel, 
otherwise  large  voids  and  unbonded  areas  will  result.  It  would 
therefore  be  of  great  benefit  to  vtse  a  polymer  which  produces  very 
little  or  no  volatiles  during  processing. 

It  is  also  desirable  for  the  laminate  to  have  a  processing 
tenperature  which  is  not  too  much  above  the  maximum  use  taiperature  of 
the  laminate.  A  laminate  which  must  be  cured  at  over  300*C  but  contains 
a  polymer  with  a  glass  transiticxi  tenperature  of  150’C  would  be  of 
questionable  value,  because  special  and  eaqiaisive  hi^-tenperature 
materials  and  equipment  would  be  required  to  withstand  the  processing 
conditions,  yet  the  laminate's  operating  conditions  would  be  well  within 
the  capchility  of  traditional  Icw-tenperature  materials. 

Izaninate  processing  can  also  be  sinplified  by  developing  simple 
surface  treatmaits.  The  number  of  steps  involved,  the  number  of 
different  chanicals,  and  the  oonplexity  of  the  equipment  needed  should 
all  be  minimized.  Ideally,  the  polymer  should  be  bcxded  directly  to  the 
metal,  without  pdmers  or  adhesives,  with  a  surface  txeatm^  oxisisting 
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of  a  cleaning  step  and  no  sore  than  one  additional  treatment.  Ihis 
would  save  tine  and  soney,  and  would  not  only  elininate  the  use  of 
laistable  chemicals,  but  2dso  the  need  for  strict  tine  constraints 
between  processing  steps. 

(3)  Environoental  Jxapact.  Ihe  question  of  how  technology  eiffects 
the  envizorsnent  is  quickly  beoomii^  an  issue  of  the  greatest  inportanoe. 
As  envircninental  ocnoems  grow  stronger  and  sore  visible  outside  of  the 
defense  industry,  there  will  be  increasing  pressure  for  scieioe, 
research  and  developoont,  and  salitary  establishments  to  deal  with  these 
concerns  and  elininate  environmentally  unsound  practices.  Thus  it  seems 
wise  to  make  the  developsent  of  environmentally  sound  materials  and 
processes  a  major  goal  of  any  Materials  project. 

Many  of  the  currently  available  hi^-tenperature  polymer  resins 
contain  hic^y  toxic  oonpounds  sioh  as  MDA^  (methylene  dianiline) ,  vhich 
is  a  known  carcinogeiVitutagen.  Large  amounts  of  these  oonpounds  are 
present  in  most  of  the  hi^  tenperature  ocnposites  currently  in  use, 
including  AFR-700  and  IMR-IS.  Considerable  effort  is  being  expended  on 
the  development  of  hi^  teaiperature  resins  vAiich  do  not  obtain  such 
hazardous  chemicals. 

Processing  hi^  temperature  ocnposites  can  produce  a  considerable 
amount  of  ash  and  soot,  from  both  the  polymer  and  the  bagging  materials. 
Since  they  cannot  be  reused,  the  bagging  materieds  themselves  r^resent 
a  tremendous  amount  of  waste  material ,  including  a  great  deal  of 
plastic.  Polyimide  films  and  tape  are  usually  used  for  bagging  hi^ 
tenperature  ocnposites.  Reducing  the  amount  of  waste  produced  by 
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ocn|X36ites  or  laminate  processing  will  probably  regoire  the  development 
of  reusetole  bagging  materials  and  ncn-ocnsunable  sealing  tapes. 

In  laminate  processing,  the  chemicals  used  in  surface  preparation 
are  also  an  environmented  concern.  As  was  maitioned  previously,  chromic 
acid  aixxlLzing  has  in  general  been  discarrled  in  favor  of  phosphoric  acid 
anodizing.  While  this  is  a  positive  step,  it  is  only  a  partial  solxition 
to  the  toodcity  problem.  Ihe  eliminatlcxi  of  primers  and  adhesives, 
vhich  also  usually  contain  hic^y  toodc  chemicals,  would  also  greatly 
reduce  the  envircmnental  impact  of  laminate  technology. 

(4)  Oost.  With  the  end  of  the  cold  war  and  the  inevitable  severe 
reductions  in  defense  ^)ending,  it  would  be  foolish  to  cxartinue 
developing  more  and  more  exotic  and  expensive  materials  for  structural 
explications;  for  no  one  will  be  able  to  edford  to  use  them.  Ihe 
current  prices  of  both  hi^  temperature  aluminum  alloy  sheet  and  high 
temperature  coopcsite  pr^regs  are  hovering  between  $500  and  $1000  per 
pound,  an  astronomical  figure  vhen  one  is  considering  a  cocponent  or 
structure  wei^iing  hundreds  or  thousands  of  pounds. 

unless  these  costs  are  drastically  reduced  in  the  future, 
developing  a  hi^  tenperature  laminate  with  a  reascsnable  price  tag 
requires  either  the  intelligent  use  of  existing  materials  such  as 
titanium,  or  the  development  of  Icw-cost  alternative  materials.  A  Icw- 
cost,  high  temperature  resin  has  been  successfully  developed  by  at  least 
one  research  organization. 

(5)  Machinability/FonnabiUtY.  As  was  mentioned  previously,  the 
machinability  of  ARAIl,  and  Glare  laminates  is  excellent,  and  e»xpt  for 
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shearing  and  bending,  they  can  be  handled  just  like  metals.  It  is 
ciTviously  desirable  to  retain  these  good  worlcshop  properties  in  hi^ 
tenperatuie  laminates  as  well.  If  ^lecial  equipment  or  techniques  are 
necessary  for  machining,  the  cost  of  part  fabricaticn  will  increase,  and 
field  repairs  will  become  more  ccnplicated  and  tiiine  consuming.  Good 
farmability  can  be  achieved  in  hi^  tenperature  laminates  by  using  a 
polymer  which  softens  at  elevated  teoperatures,  thus  allowing  the 
necessary  shear  between  the  fibers  and  the  metal  layers. 

(6)  Bflpairability.  Ihe  good  inspectability  of  damage  and  easy 
repairability  demonstrated  by  AE^AIL  and  Glare  should  also  be  retained  in 
any  hi^  tenperature  laminate  vhich  is  developed.  It  is  unlikely  that  a 
hi^  tenperature  laminate  can  be  field  r^)aired  by  adhesive  bonding 
methods,  since  it  will  be  eaposed  to  hi^  tenperatures,  thermal 
stresses,  and  probably  hi^  levels  of  acoustic  and  mechanical  vibraticns 
as  well.  Therefore,  its  bearing  and  fatigue  properties  should  be  good 
to  allcw  for  riveted  repairs.  Bond  strength  should  be  uniform 
throughout  the  laminate  panels,  so  that  the  extent  of  delaminaticn 

to  impact  damage  is  minimal  and  predictable. 

(7)  Environnental  Resistance.  The  U.S.  Navy  has  the  dubious 
distinction  of  maintaining  the  most  hostile  envircnment  ever  created 
around  an  aircraft:  the  carrier  deck.  Aircraft  on  board  carriers  are 
constantly  inundated  by  salt  spray,  vhich  is  hi^ily  corrosive  to  metal 
surfaces.  The  moisture  vMch  carries  this  salt  also  attacks  metals,  as 
well  as  being  absorbed  by  polymers  and  weakening  bonded  interfaces.  The 
older  carriers  also  spew  corrosive  stadc  gases  most  of  the  time.  These 
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gases  include  sulfur  dioxide,  viiich  ocnbines  with  moisture  in  the  air  to 
flam  sulfuric  acid,  vftuch  is  d^xssited  as  a  sort  of  acid  rain  on  the 
edrcraft  on  deck. 

Oiere  are  numerous  chemical  hazards  associated  with  the  2drGraft, 
as  well.  For  instance,  powerful  solvents  including  aromatic 
t^drocarbons  and  chloro-flourocarbons  (CFCs)  eure  used  extensively  for 
cleaning,  degreasing,  and  stripping  aircraft  surfaces  and  oonponents. 
Aviation  fuel,  oil,  or  hydraulic  fluids  may  leak  finm  replenishment 
ports  or  damaged  areas.  Fin2dly,  the  ccsnrosive  effects  of  all  of  these 
eivdxonmental  hazards  are  exacerbated  by  the  fact  that  carriers 
freguently  operate  in  tropical  waters,  tdiere  tenperatures  and  humidity 
are  high. 

Any  material  vhich  is  to  be  used  in  naval  2urcraft  must  be  either 
resistant  to  or  capable  of  being  protected  &cm  €dl  of  these 
environmentcil  influences.  laminates,  with  their  outer  layers  of  metal, 
can  be  primed  and  peiinted  just  like  conventional  skin  materials. 
Furthermore,  since  the  metal  layers  protect  the  underlying  fibers  and 
polymer,  the  only  major  additionad  concern  is  the  machined  edges  of  the 
laminate  panels  and  any  holes  or  openings  in  the  panel.  Ihese  will  have 
to  be  protected  against  environooental  attack  by  some  sort  of  sealant. 
SiliooneHsased  sealants  are  the  most  liJcely  candidate,  since  they  are 
chemkally  inert  and  retain  their  elastomeric  qualities  under  a  wide 
range  of  operating  OQnditi<xis,  and  are  readily  available  and  ea^  to 


use. 


NAWCADWAR-93079-60 


(8)  Naclumloal  Ezopertias.  The  required  prqperties  of  the 
are  A»»-«»nnincri  by  the  design  paxperties  of  the  ocDpcnent  for 
vihicfa  the  laminate  is  inboided.  Laminate  properties  are  a  function  of 
(1)  the  properties  of  the  materials  used  in  the  laminate,  (2)  the 
configuration  of  the  laminate,  i.e.  the  manner  in  \diich  the  oonponait 
materials  eire  arranged,  (3)  '^le  straigth  of  the  fiher/polymer  and 
metal/polymer  interfaces,  and  (4)  the  type  of  post-curing  process  used. 
All  of  these  must  be  carefully  considered  if  the  desired  properties  are 
to  be  achieved. 

2.3.3.  Katerlals  for  Hlqh  Tenperatuze  laminates.  Different  edrczaft 
ccnponents  can  hatve  very  different  property  requizements.  For  inst2aioe, 
lower  wing  sJcins  usuadly  require  hi^  strength  eoid  fatigue  resistance; 
Engine  shrouds,  on  the  other  hand,  loay  not  need  much  strength,  but  do 
need  good  acoustic  danping,  inpact,  and  bum-through  properties. 
Similarly,  laminates  with  very  different  properties  may  be  required  for 
different  applications.  The  proper  selection  of  materials  is  an 
irportant  part  of  designing  a  laminate.  The  first  question  to  be 
answered  is:  What  is  the  range  of  service  tenperatures  to  vhich  the 
laminate  will  be  subjected? 

For  ambient  or  cryogenic  tenperatures,  materials  must  be  selected 
vAiich  will  not  become  brittle  at  lew  temperatures.  Attention  must  also 
be  given  to  the  residual  stresses  due  to  processing;  these  increase 
linearly  with  decreasing  temperature  (see  Secticn  2.1.4),  and  at 
strato^heric  temperatures  (-40*C)  they  may  be  great  enou^  to  fracture 


41 


NAWCADWAR-93079-60 


the  inetal/{»lyiaer  bend,  eqjecially  if  the  polymer  is  brittle  at  that 
teqperature.  For  hic^  temperature  laminates,  there  axe  a  runber  of 
candidate  matwiriai s  currently  or  soon  to  be  available.  Ihese  aune 
sumnarized  in  the  foUowing  paragraphs,  for  laoninates  with  service 
tenperatures  between  200*  and  350*C. 

(1)  Metals.  Conventional  aluminum  alloys  can  not  be  used  for 
teoperatuxes  above  about  150*c.  Ihere  are,  however,  several  hi^ 
tenperatuxe  aluminum  (HIA)  alloys  unda:  developaent.  Ihese  can  be 
used  at  temperatures  vp  to  a  maviimim  of  about  350*C.  Conventional 
titanixim  alloys  are  easily  obtainable,  and  relatively  che2p  oonpared  to 
current  HEAs.  These  can  be  used  tp  to  perhaps  400*C.  Steels  eu»  also 
potential  laminate  materials,  but  are  of  course  very  heavy.  Sene  of  the 
alloys  which  are  candidates  for  hi^  tenperature  laminates  are 
summarized  in  Table  IV.  It  can  be  seen  from  the  table  that  the  alloy 
properties  are  always  a  tradeoff;  the  selection  of  an  alloy  for  use  in 
the  laminate  is  made  based  on  the  rxist  critical  properties.  It  is 
certainly  possible  to  make  hi^  temperature  fiber/lnetcil  laminates  using 
ceramics  instead  of  metals,  and  in  fact  such  a  laminate  has  been 
studied;  however,  such  a  laminate  would  cbviously  have  a  ccBopletely 
different  range  of  applications  than  those  envisioned  for  fiber/ketcil 
laminates. 

The  '*Tenp.''  column  in  Table  IV  represents  the  maximiim  continuous 
use  temperature  based  on  either  microstructural  stability  or  mechanical 
strength,  vhichever  is  the  limiting  property.  "Envir"  refers  to  the 
environmental  resistance  of  the  alley.  Cost  refers  to  thin  sheet 
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pcoduc±s;  inc36t  metals  are  ouch  more  e)$)ensive  in  this  farm  than  in  cast 
or  wrcu^  farms. 

(2)  lijbers.  As  with  the  metal,  the  selection  of  a  fiber  for  the 
laminate  oust  be  based  on  the  desired  laminate  properties.  It  is  also 
important  to  consider  such  factors  as  the  chanical  or  thermal 
cxapatibility  of  the  fibers  and  oetal,  and  edso  the  interrelatedness  of 
the  properties  of  these  two  ocopcnents. 

A  laminate  oonsisting  of  a  hl^  tesperature  alxmdnum  and  graphite 
fibers  is  a  good  example  of  the  farmer.  Such  a  laminate  would  be  very 
desirable  from  a  oiechanical  property  stan^int,  yielding  a  laminate 
with  very  high  stiffiiess  for  a  very  low  density.  However,  the  laminate 
would  be  subject  to  potentially  severe  galvanic  oorrosicn,  %diich  adways 
oocurs  vhen  graphite  and  aluminum  cane  into  contact.  For  such  a 
laminate  to  be  viable,  some  means  would  have  to  be  devised  to  prevent 
any  contact  vhatsoever  between  the  fibers  and  the  aluminum.  In 
addition,  based  on  calculations  using  Equations  (1) ,  (2) ,  and  (3) ,  this 
laminate  would  have  an  extremely  hi^  residual  stress  and  would 
esperienoe  very  high  cyclic  stresses  at  the  fiber/metal  bond  vhen 
esposed  to  temperature  fluctuaticns. 

As  an  exanple  of  the  interrelatedness  of  the  fiber  and  metal 
cxzpanents,  ocnsider  a  fatigue-resistant  laminate  using  titanium  with 
glass  fibers.  The  nudulus  of  glass  is  only  about  cne-third  that  of  the 
titanium;  from  Equations  (11),  (12),  and  (13),  it  is  clear  that  the 
fibers  would  carry  very  little  load,  and  the  net  stress  on  the  titanium 
layers  would  be  substantially  hi^ier  than  the  nominal  stress  on  the 
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landnate.  The  result  viould  be  lav  yield  strength  emd  poor  fatigue 
pcoperties  ocnpaxed  to  monolithic  titanium. 

Table  V  sumnarizes  the  properties  of  sene  potential  fibers  for 
high  tenperature  laminates.  The  category  "Occpatibility  with  Metals" 
refers  primarily  to  coefficient  of  thenal  es^ansion  and  chemical 
cocpatibility.  It  is  dear  from  this  table  that  glass  and  carbon  fibers 
are  very  attractive  candidates  for  laminates  when  strength^  weight,  and 
cost  are  major  factors. 

(3)  BOlsmer  Matrix.  The  most  serious  limiting  factor  in  the 
developnent  of  high  temperature  laminates  is  undoubtedly  the 
avedlability  of  polymers  vhich  can  operate  at  the  desired  service 
tenperature. 

The  first  question  is  vhether  to  use  a  thermosetting  polymer  or  a 
thermoplastic.  Host  of  the  irportant  issues  detailed  in  Sec±ion  2.3.2 
suggest^^^  that  a  thermoplastic  is  preferable  for  hi^  tenperature 
laminates.  To  begin  with,  thermoplastics  are  relatively  inert 
chemically,  in  that  they  do  not  xsxlergo  rc^id  chemical  changes  at 
moderate  tenperatures.  Therefexe,  the  need  for  re&igeration  prior  to 
use  is  not  as  critical,  and  they  do  not  suffer  from  the  uselessly  short 
shelf-lives  often  found  in  hi^  tenperature  thermoset  resins.  Another 
major  advantage  of  thermoplastics  is  that  they  usually  have  a  very  low 
volatile  content,  so  entrapment  of  evolved  gases  is  not  a  prcblem. 
Thermosets,  on  the  other  hand,  frequently  evolve  such  a  large  volume  of 
volatiles  that  the  laminate  would  more  resenhle  a  laminated  foam  than  a 
sheet  product.  Due  to  their  low  volatile  content,  thermoplastics  also 
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have  less  envixcnnaital  infract  in  the  leosinate  pinooessing  stage. 

Ihe  ciienical  stability  and  low  volatile  content  of  thenDcplastics 
is  also  a  diseKivant2ige,  in  thab  the  tesperatures  necessary  for  them  to 
vwTirmft  fluid  and  bond  to  the  metal  layers  is  often  well  above  the  glass 
transition  tenperature  (Tg)  of  the  polymer.  For  distance,  unpublished 
research  by  this  author  on  laminates  of  8009  aluminum  with  glass-fiber- 
reinforced  FGEK  showed  that  the  PEEK  softened  end  caused  the  laminate's 
properties  to  degrade  substantially  above  150*C,  even  thcu^  the 
processing  tenperature  of  the  FEEI^grEphite  pr^aneg  was  over  300*C.  In 
this  reflect,  thermosets,  viiich  can  typically  be  used  near  or  above 
their  original  cure  tenperature,  are  better. 

Thermoplastics  have  the  advant^lge  of  softening  at  sufficiently 
hi^  tenperatures,  vhich  means  that  thermoplastic-ljased  laminates  have  a 
greater  potential  for  secondary  forming  and  repairability  than  those 
based  on  thermosets.  Moisture  absorption  is  also  lower  in 
thermoplastics.  In  terms  of  mechaniccd  b^iavior,  thermoplastics 
typically  have  greater  toughness  and  inpact  resistance  than  thermosets. 

The  inportant  properties  of  most  of  the  curraitly  available  hi^ 
tenperature  polymers  vhich  are  candidates  for  hi^  tenperature  laminates 
are  summarized  in  Table  VI. 

In  many  cases,  the  distinotion  between  thermosets  and 
thermoplastics  becomes  fuzzy  for  these  hi^  tenperature  polymers;  seme 
of  them  can  possess  the  characteristics  of  either  c»ie,  depending  on  the 
cure  and  post-cure  cycle  used.  Many  of  those  listed  as  "thermosets" 
mi^it  better  be  described  as  "addition-type"  polymers,  and  many  under 
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MtlieKiiic|>lastics''  as  "cxndoisaticn'^t^pe''  polymers. 

Oie  majorl^  of  the  polymers  in  Table  VI  axe  polyimides.  Ihe  only 
cMoepticns  are  FT,  %iiich  is  a  cyanate  ester  which  cures  to  form  a 
pha»lic  triazine  (hense  the  nane),t^^'^^3  crystalline  FEEK 
(polyetherethericetane) ,  and  Radel  c,  a  polyaxyl  sulfcne.  Ihe  polyimides 
include  a  wide  variety  of  chemical  ocqpositions,  many  of  which  are 
proprietary.  HlRrlS  was  the  first  of  the  300*C  polymer  resins,  and  was 
the  most  widely  used  hi^-*tenperature  resin  until  1991.  In  the  past, 
EHR-IS  was  extremely  difficult  to  process,  in  part  due  to  its  hic^  toxic 
volatile  ocntent.  Ihis  problem  has  been  alleviated  to  some  extent 
thxoucfh  refinement  of  the  polymer  chemisby.  In  the  late  1980's,  HfN 
developed  AfR-700  as  a  solution  to  the  shortocmings  of  H4R-15. 
aSiis  resin  has  demonstrated  much  better  processEdoility  and  siqperiar 
mechanical  properties;  however,  there  is  still  a  toodcity  problem  (MI:a 
is  a  major  volatile  oonponent),  and  because  the  resin  precursors  are 
very  e^qaensive,  the  resin  is  also  very  eaqaensive,  roo^y  $600  to  $1000 
per  pound.  Ihe  cost  problem  is  ocDpounded  by  Idle  fact  that  AIR-700  is 
produced  as  a  batch  process,  and  its  sole  conmercial  producer,  Dexter, 
requires  a  relatively  large  roinuam  order  (by  research  standards). 
Furthermore,  producticxi  and  availability  are  restricted  by  the  Air  Fcunoe 
due  to  the  hi^ily  secret  nature  of  AER-700  and  its  applications. 

1ARC-BP46  is  a  modification  of  the  FMR-15  chanistry.  Ihe 
methylenedianiline  in  the  latter  is  replaced  by  an  ooydianiline  (CX3A), 
which  was  not  scpposed  to  be  as  toxic  as  MDA,  but  idiich  is  now  suspected 
of  being  just  as  toxic  .  RP-46  is  also  reported  to  have  better 
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poncessing  chaEacteristics  and  greater  touchiness  than  Mt-lS. 

Its  cost  is  about  one  tenth  that  of  EMR-15  and  AFRrTOO,  and  avzdlabillty 
in  research  quantities  fron  Structural  Polymer  Systems  is  currently 
excellent. 

Allied-Signal 's  FT  resin  reportedly  possesses  excellent  processing 
characteristics,  including  low  viscosity  in  the  uncured  state. 

In  general,  the  mechanical  prcperties  of  the  polymer  matrix  will 
not  affect  the  properties  of  the  laminate  in  which  it  is  to  be  used. 
Touchiness  is  an  exception,  since  matrix  cxadcing  and  ddxnding  can 
seriously  ciffect  the  laminate's  fatigue '  properties.  In  terms  of  the 
polymer's  physical  oonpatibility,  it  must  obviously  bond  with  the 
desired  strength  to  the  fibers,  as  well  as  to  the  metal.  Ihe  bond  with 
the  fiber  can  be  stirengthened  car  weakaied  by  coating  the  fibers,  \diile 
that  with  the  metal  can  be  edtered  by  using  a  polymeric  primer  or 
adhesive.  To  date  the  most  premising  hi^  teaiperature  primer  for 
laminate  fabrication  has  been  Aofierican  cyanamid's  ER-35,  which  is  a 
flixirinated  polyimide  as  are  many  of  the  hi^  tanperature  polymers  in 
Table  VI. 

2.3.4.  fecial  Problems  of  High  Tenperature  Laminates.  Many  of  the 
problems  associated  with  the  development  of  hi^  tenperature  laminates 
have  already  been  discussed.  Ihese  include  materials  oonpatibility, 
toxicity  and  environmentcil  concerns,  and  processability.  From  a 
development  point  of  view,  the  greatest  obstacle  by  far  is  the  cost  and 
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aivailability  of  hi^  tenperature  materials.  Many  of  then  are  not 
availedale  in  the  desired  farm  or  thlcdcness,  or  in  the  desired 
fiber/^lymer  matrix  ocobinatians,  et  cetera.  Many  are  prchibitively 
ea^ensive,  such  as  lARC-TPI,  vhich  is  only  avedlable  in  10-pound  lots  at 
$300  per  pound;  or  MtfrlOO,  vAiich  is  only  available  in  large  orders, 
and  for  which  "there  is  no  such  thing  as  scrap". 

Currently,  materials  and  oonfigurations  for  laminates  most  be 
selected  based  on  the  solution  of  these  problens,  rather  than  on  the 
desired  laminate  properties.  For  instance,  in  terms  of  %deight  satvings, 
it  vxxtld  be  desirable  to  replace  a  oonventicneO.  metal  ocnponent  with  a 
laminate  i2sing  a  li^^iter  metal,  'niia  nay  be  possible  in  seme  cases;  for 
instance,  a  laminate  using  an  could  be  used  as  a  replacen^  for 
Titanium,  even  though  the  latter  has  vastly  si^)erior  fatigue  properties 
and  much  greater  modulus  than  the  monolithic  HIA.  Ihis  substitute  can 
be  made  by  using  a  high  modulus  carbcxi  fiber  and  by  carefully 
controlling  the  interface  properties  to  obtain  good  fatigue  properties. 

However,  as  noted  previously,  HIAs  are  currently  extremely 
e9g)ensive  in  thin  sheet,  and  there  wculd  be  severe  problems  with 
galvanic  corrosicn,  residual  stresses,  and  th^nnal  fatigue.  In  the  aid 
it  would  probably  prove  very  e;g)ensive  to  overcome  these  problems  and 
produce  a  successful  laminate  \:ising  these  materials.  Ihe  most  cost- 
effective  solution,  as  well  as  the  one  with  the  greatest  chanr  of 
success,  is  to  use  a  laminate  based  on  titanium  and  a  lower-oouuius 
caihon  fiber.  The  wei^xt  savings  wculd  not  be  as  great  as  the  aluminum- 
based  laminate,  but  the  cost  and  develcpment  time  wculd  be  far  less. 
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2.4.  Pxwvious  axid  Ongoing  Woxk  in  High  Teapwatux*  Landnatas. 

The  vast  najorlty  of  the  research  perfonned  cn  fiber/taeted 
laminates  to  date  has  been  cn  ARAUj.  Ihe  aramid  ARAIIj  family  has  been 
very  well  characterized,  and  serves  as  a  solid  baseline  material  for 
future  laminates  research.  While  seme  laminates  research  has  shifted 
focus  to  Glare  or  other  variatlcns  of  ItSALL,  a  great  deal  of  research  is 
still  being  conducted  on  aramid-based  ARAU.  frem  a  oenponent  design 
stan^int. 

Because  of  the  intending  cocinercial  success  of  ARAU,  and  Glare, 
little  attention  has  been  given  thus  far  to  the  develcpooent  of  high 
temperature  and  thermoplastic-based  laminates.  However,  their  potential 
has  been  recognized  by  several  research  organizations  in  the  last  four 
years.  Ohelr  experiments  are  described  belcw. 

2.4.1.  Dreacel  university.  Drexel,  under  Dr.  Michael  Kbezak,  has 
investigated  several  thermoplastic-based  laminate  systems. 

These  were  ixxt  hi^  temperature  laminates,  but  th^  addressed  scmie  of 
the  important  issues  in  the  fabrication  of  thermoplasticHsased 
laminates,  and  demonstrated  the  feasibili'ty  of  their  fabrication.  The 
laminate  systems  studied  by  Drexel  were  as  follows: 

(1)  2024-T3  or  T-8  aluminum  and  Kevlar  49  in  J-2  epooy,  with  AF- 

163  or  AF-191  adhesive.  J-2  is  a  thermoplastic  copolyamide  from  DuPont 
based  on  bis  (para-amino  cyclcihexane)methane,  while  the  alumiinum,  the 
fibers,  and  the  adhesives  axe  the  same  as  those  used  in  various  ARAIL 
conf iguraticsis . 


49 


NAWCADWAR-93079-60 


(2)  2024-T3  and  ASA  graphite  fibers  in  amorphcus  PEEK,  with  AF- 
163  adhesive.  In  both  of  these  systems,  the  adhesive  was  vised  because 
the  temperature  limits  on  the  2024  aluminum  required  processing  to  be 
carried  out  well  below  the  ideal  processing  temperatures  for  the 
thermopleisticB. 

(3)  2024<-T3  and  7075-T6  with  AS4  graphite  or  E-qlass  fibers  in  a 

polyphenylene  sulfide  (PPS)  matrix.  American  C^anamid's  nf-73  adhesive 

/ 

was  used  to  prceote  bonding. 

Gne  important  observation  made  during  these  eaqaeriments  was  that 
tlie  need  for  a  thick  but  non-lockd-bearing  adhesive  layer  resulted  in 
substantial  degradation  of  the  epparent'  strength  and  modulus  of  the 
laminate.  Die  conclusion  drawn  from  this  is  that  the  adhesive  layer 
should  be  eliminated,  i.e.  the  polymer  should  be  bonded  directly  to  the 
metal  layers,  For  this  to  be  acccmplished,  however,  hic^ier 

processing  temperatures  must  be  used.  Dvis  means  that  a  metal  capable 
of  hitler  temperature  operation  must  be  used.  Diis  is  alreac^  a 
reguirement  for  hi^  temperature  laminates;  thus  the  advantages  of  a 
thermoplastic  matrix  can  only  be  realized  in  a  hi^  temperature 
laminate. 

Curroitly,  Drexel  is  working  on  the  development  of  hi^ 
temperature  thennaplastic  laminates.  Diis  effort,  sponsored  by  the 
Naval  Air  ffeurfaie  Oenter  (NAWC) ,  Ncumiinster,  is  earned  at  the  development 
of  a  laminate  capable  of  continuous  operation  in  damping 
applications  at  315 °C.  Several  candidate  systems  will  be  evaluated. 
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2.4.2.  Delft  U&iveisity.  Delft  lAiiversit^,  under  Dr.  L.B. 
Vogelesang,  was  re^scnsihle  for  the  invarrticn  and  early  develop&ent  of 

and  Glare.  More  reoeitly,  they  haive  studied  potential  laminate 
systems  based  on  titanium  with  glass  or  carbon  fibers  in  an  epoxy 
matrix,  and  with  carbon  fibers  in  PEEK.  Delft  is  a  subcontractor  to  the 
Drexel/NAWC  contract. 

2.4.3.  Lodcheed.  Icddieed  Missiles  &  Space  Ocopany,  Palo  Alto, 
has  been  studying  the  possibility  of  hi^  tenperature  laminates  based  on 
both  thermoplastics  and  thermosets,  and  using  various  repidly  solidified 
or  mechanically  alloyed  aluminum  alloys.  Experimental  work  thus  far  has 
Gonoentrated  on  the  latter,  losing  Inco's  AL-905XL  Al-Li  alloy.  [102,103] 
Nhile  this  alloy  is  more  microstxix±urally  stable  at  elevated 
temperatures  than  other  Al-Li  alloys,  it  is  not  an  HIA,  having  very  low 
strength  at  hi^  tenperatures.  [10^3 

2.4.4.  Hacval  Air  Warfare  Center,  Aircraft  Division,  Warminster. 
Formerly  the  Naval  Air  Development  Center.  Several  potential  hi^ 
tenperature  systems  have  been  evaluated  under  the  Macrolaminates  effort, 
part  of  an  ongoing  H^arid  Materials  (HUIAIS)  program.  These  are  as 
follows: 

(1)  8009  aluminum  with  T650-42  caxbon  fibers  in  an  Amoco  Radel-X 
matrix.  Fabrication  was  aoccnplished  using  traditicnal  autoclave 
procedures,  and  no  adhesive  was  used.  Two  primers  were  evaluated,  ER-35 
and  ER-36,  both  frcm  American  cyanamid.  ER-35  was  chosen  due  to  its 
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supericu:  perfacnanoe  after  eaqxisure  to  the  hi^  processing  tenperatures. 
lap  shear,  roller  peel,  and  anblent  and  elevated  tenperature  tensile 
tests  were  performed  on  this  system.  Mhile  it  was  found  to  possess 
exoellait  strength  vp  to  at  least  150*C,  the  bond  strength  was 
insufficient,  and  extensive  delamination  occurred  during  machining  of 
the  specimens. 

(2)  lAROTFI  resin.  Only  a  very  small  saople  of  the  unreinf(»:oed 
resin  (Tg=250*C)  was  obtainable,  so  only  lep  shear  tests  could  be 
conducted.  Ihese  tests  reveeiled  very  good  bond  strength,  ocxparable  to 
that  measured  for  ARALL-4.  Ochesive  failure  of  the  resin  oocurred  %hen 
BR-35  primer  was  used,  indicating  that  the  bond  strength  was  greater 
than  the  cohesive  strength  of  the  resin.  Ihis  system  would  probably 
have  proven  highly  successful  in  a  full-scale  fiber/metal  laminate  with 
8009  aluminum,  but  unfortunately  the  ri^ts  to  the  resin  were  sold  to  a 
Japanese  ocnpany  vhich  does  not  give  away  sanples  and  has  a  minnaum 
order  of  ten  pounds  for  the  glass-  or  carbon-fiber  reinforced  resin. 
Due  to  the  hi^  cost,  about  $300  per  pound,  work  an  this  system  had  to 
be  terminated. 

(3)  8009  aluminum  with  S-2  glass  fibers  in  amorphous  PEEK.  Diis 
was  an  attenpt  to  demonstrate  the  feasibility  of  fabricating  a  direct- 
bonded  thermcplastic-based  laminate.  Ihe  standard  autoclave  cure  cycle 
for  the  Id  prq^reg  was  used.  The  8009  aluminum  was  pr^iared  by  chromic 
acid  anodization  prior  to  processing,  and  laminates  were  fabricated  both 
with  and  without  ER-35  primer.  Lap  shear  tests  Viewed  that  the 
FEEI9'8009  bond  strength  was  excellent  with  or  without  the  primer.  The 
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bond  straigth  without  primer  was  about  30%  hi^ier  than  that  for  ARAIIi-4, 
and  about  80%  higgler  with  the  priner. 

Tensile  tests  shewed  excellait  modulus  and  strength  retention  ip 
to  150*C,  with  only  a  sli^t  decrease  at  180*C.  Fatigue  tests  shcMed 
that,  despite  the  presence  of  the  glass  fibers,  the  fatigue  resistance 
of  the  laminate  was  only  oonparable  to  that  of  monolithic  2024.  Ihis 
was  due  in  part  to  the  fact  that  there  was  absolvitely  no  sign  of 
delamination  after  fatigue.  Ihe  three  aluminum  layers  cracked  almost 
sisultaneously,  and  only  one  or  two  millimeters  separated  the  three 
cracks  in  the  loading  direction.  Ihis  indicated  that  the  bond  between 
the  PEEK  and  the  aluminum  was,  in  fact,  too  strong.  The  fatigue  tests 
were  conducted  on  laminate  panels  vhich  used  the  EaR-35  primer;  had  they 
been  repeated  on  specimens  without  the  primer,  the  fatigue  resistance 
would  probably  have  inproved.  This  theory  has  not  yet  been  tested. 

Experiments  with  this  system  proved  that  a  fiber  reinforced 
thermoplastic  could  be  directly  bonded  to  a  hi^  tenperature  aluminum 
without  the  use  of  adhesives  or  primers,  and  that  the  resulting  laminate 
could  possess  desirable  properties.  These  results  led  to  the  research. 
currently  underway  at  NAHC  and  Drocel,  for  the  development  of  laminates 
based  on  both  thermoplastics  and  thermosets,  for  U.S.  Naval  edrcxaft 
applicaticxis  with  operating  temperatures  of  300'C  or  hi^ier. 


53 


NAWCADWAR-93079-60 


3.0.  CORREMT  RESEMRCH:  Scooessiog  «Dd  Koperties  of  High-Tsnpeiatuxo 
MBtal/Fitex^Reinf oioed  Theiaaplastie  TminwtuB 

3.1.  Gfajectivas. 

Ihe  oain  cbjective  of  this  research  is  to  danonstrate  the 
feasibility  of  direct-bonded,  therncplastic-based  high  tenperature 
fiber/metal  laminates.  Ihis  cbjective  includes  several  major  tasks, 
including  the  following: 

(1)  To  determine  the  effects  of  various  eduminum  surface 
treatments  on  the  meteil/polymer  bond  strength. 

(2)  To  characterize  the  physical  and  mechanical  properties  of  the 
laminate,  and  ocnpare  the  observed  properties  with  theoretical 
predicticxis. 

(3)  To  draw  conclusions  and  xaake  recomnendations  oonoeming 
further  high-teoperature  laminate  development. 

3.2.  Materials. 

The  high  <306t  or  unavailability  of  most  candidate  materials  for 
hi^  temperature  laminates  has  already  been  described.  Ihis  proved  to 
be  the  critical  factor  in  choosing  materials  for  this  project.  Ihe 
materials  selected  are  as  follows: 

(1)  Metal.  Because  of  its  lew  density  and  its  oenpatibility  with 
the  other  caaponents  selected,  a  high  temperature  aluminum  (lUA)  was 
chosen  as  the  metal  oenponent.  Ihe  cnly  RIA  vhich  could  be  obtained  at 
all  in  sheet  form  was  Allied-Signal's  8009  alloy,  formerly  FVS-0812. 
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Dus  is  an  alley  cant^dning  mic^y  8.5  veic^  %  iron,  1.3  t  vanadium, 
and  1.7  %  silicon,  Ihou^  it  is  still  in  a  pre-production 

stage  at  this  time,  Allied-Signal  is  in  the  process  of  establi^iing  a 
stocd^ile  of  standard  mill  products. 

i^prtadxaately  4.46  square  meters  (48  square  feet)  of  the  edloy 
were  obtained  in  the  form  of  rolled  strip  14.6  m  (48  ft)  long,  30.5  on 
(12  in)  wide,  and  0.305  mm  (0.012  in)  thick.  Ihe  amount  of  material 
required  was  based  on  the  fabrication  of  3/2  ply  panels  large  encu^  to 
yield  the  desired  number  of  specimens.  The  0.3  ran  thickness  was  chosen 
because  this  is  the  thickness  of  the  alisninum  layers  in  ARAIIi  and  Glare 
laminates. 

(2)  Polpner.  The  polymer  selected  was  Ethyl  Corporation's  Eynyd 
U-25,  a  fluorinated  thermoplastic  polyimide  with  an  advertised  Tg  of 
233 While  it  is  not  a  true  "hi^  tenperature"  polymer  (the 
original  goal  was  a  laminate  with  a  use  tenperature  of  300*C  or  hi^ier) , 
it  is  r^jresentative  of  hic^ier  tenperature  thermoplastic  polyimides  such 
as  those  listed  in  Table  VI.  It  was  chosen  for  reasons  of  aivailability; 
no  other  hi^  tenperature  polymers  could  be  obtedned  in  fibei>pr^reg 
form  xmtil  very  recently.  ihe  U-25  sanple,  in  the  form  of 
unidirectional  tepe  30.5  cm  (12  in)  wide,  was  sipplied  at  no  cost  by 
Ethyl.  Xftifortunately,  since  that  time.  Ethyl  has  discontinued  its 
production  of  U-25  and  all  other  esperimental  conposite  materials,  due 
to  their  inability  to  find  a  purchaser  for  those  operaticsis.  As  a 
result,  U-25  is  no  longer  available.  However,  as  it  is  fairly 
representative  of  all  thermoplastic  polyimides,  it  remains  a  useful 
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model  system  for  stu^. 

(3)  Filaeis.  Die  fibers  selected  were  S2  glass.  Glass  fibers  and 
two  different  cazbcn  fibers  were  avedlable  in  the  U-25  matrix;  glass  was 
chossi  because  of  its  chemical  and  mechanical  ocnpatibility  with  the 
8009  aluminum  alley  selected  for  the  laminate. 
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4.0.  EXEERDQMCAL  KDCaXStES 

4.1.  neoretieal  Evedictioass. 

Based  cn  the  equations  disnis.sed  in  Sec±ions  2.1  and  2.2,  the 
residual  stress,  yield  strength,  ultisate  strength,  and  density  were 
predicted  for  the  8009/U25  laminate.  These  were  ocnpared  to  the 
eagperinentally  measured  properties.  These  equations  were  also  used  to 
determine  the  true  stress  state  in  the  fibers  emd  edumizum  layers  under 
certain  test  conditions.  Other  equations  were  derived  as  needed  to 
eaq>lain  various  phenomena  noted  from  the  tests.  For  all  laminate 
specimais,  a  noninal  thidaiess  of  1.47  on'  (0.058  inches)  was  cussumed. 

4.2.  laminate  Fabrication. 

Traditional,  but  simplified,  ocoposite  processing  techniques  were 
used  in  fabricating  the  8009/U25  laminates.  The  important  steps  in  this 
process  were  as  follows: 

4.2.1.  Surface  Treatments.  The  surfaces  of  the  aluminum  alloys  were 
treated  to  promote  good  bonding  with  the  polymer.  In  order  to  determine 
how  various  surface  ocmiditions  affected  bond  strength,  a  number  of 
different  mechanical  and  chemical  surface  treatments  were  tested.  These 
are  listed  in  Table  VII.  Simple  cne-sb^  surface  treatments  were  used 
in  most  cases,  since  one  of  the  goals  of  the  project  was  to  demonstrate 
a  simplified  fabrication  technique  to  produce  a  laminate  with  good  bend 
straigth  aivi  properties.  The  pho^horic  acid  anodizing  was  perfarmed 
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according  to  ASIM  D3933  standards. 

Host  of  the  surface  treatoents  listed  in  Table  VU  axe  self- 
explanatory.  The  aluminum  sheets  were  cleaned  and  deoxidized  {»:iar  to 
the  surface  treatment.  No  surface  treatments  were  used  on  the  polymer 
prepreg.  Sanples  of  the  surface  treatroeaits  on  both  2024  and  8009  were 
sputter-coated  with  gdd  and  stub  mounted  for  Scanning  Electron 
Microscope  (SEM)  evaluation.  An  Amray-IOOQA  was  used,  at  an 
accelerating  voltage  of  20W. 

4.2.2.  KDcessing.  The  laminate  panels  were  processed  in  a  Baron  BAC- 
35  autoclave  using  the  standard  U-25  cure  cycle  and  standard  hi^ 
tenperature  bagging  techniques.  3/2  panels  were  assembled  by  hand  and 
transferred  to  the  autoclave  table,  then  bagged  and  a  vacuum  drawn. 
Once  all  leaks  were  eliminated,  the  chanber  was  closed  and  the  process 
begun.  The  control  system  monitored  time,  tenperature,  and  pressure 
throu^iout  the  cycle,  and  plotted  these  parameters  vpcn  oompleticn. 
This  allcwed  any  deviations  from  the  reocnmended  cure  cycle  to  be 
identified.  Samples  of  the  cured  laminate  were  mounted  in  diallyl 
pthalate,  then  ground  and  polished  using  su^sended  diamond  media  for 
observation  in  an  opticed  microscope. 

The  U-25/glass  ccnposite  panel,  for  tensile  testing  of  the  polymer 
and  fiber  ccnponents  without  the  metal  layers,  was  laid  vp  by  hand  and 
cured  in  a  Stanat  SO-ton  laminating  press.  The  U-25  cure  cycle  was 
followed  as  closely  as  possible. 
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4.2.3.  f^iecliniain  Preparation.  Specimens  \i#ere  toughr-cut  fron 
laminate  panels  by  bandsaw.  They  were  then  machined  to  their  final 
sh3^  using  vertical  or  horizcntal  milling  msKihines,  Tensilloit  machine, 
and  vertical  drill  press.  The  edges  of  the  tensile  ^lecimens  vere  filed 
smooth  outside  the  gage  secticxi,  but  sanded  with  180-grit  silicon 
carbide  paper  in  the  gage  secticns.  The  edges  of  the  fatigue  ^)ecimens 
were  sanded  smooth  over  their  full  length,  and  then  polished  with  1000- 
grit  Sic  paper.  The  edges  of  most  of  the  remaining  ^aecimens  were  filed 
smooth,  the  file  being  drawn  along  the  length  of  the  specimen  to  avoid 
causing  edge  delamination.  Finished  qecimens  were  stored  in  a 
dessicator  until  tested. 


4.3.  Tests  Peirfozmed. 

The  tests  vhich  were  used  to  characterize  the  properties  of  the 
8009/U25  laminates  were  based  on  those  used  for  ARAII<  and  Glare 
Laminates.  It  has  become  standard  practice  to  use  traditional  sheet 
metal  testing  terhnigues  for  evaluating  such  laminate  properties  as 
tensile  streng*  .  modulus,  fatigue,  and  notch  and  bearing  strength. 
Inpact  and  interlaminar  properties,  such  as  shear  and  peel  strength,  are 
tested  using  standard  ocnposite  testing  procedures.  A  occplete 
evaluation  is  beyraid  the  scope  of  this  project;  therefore,  only  selected 
properties  were  investigated.  The  tests  performed  were  as  follows: 

4.3.1.  Single  Lap  Shear  Tests.  Lap  shear  tests  were  performed 
according  to  ASIM  D1002  .  2024  aluminum  and  the  U-25/glass  pr^reg  were 


59 


NAWCADWAR-93079-60 


used  for  the  tests.  Die  surface  treatments  used  for  these  tests  are 
described  in  Section  4.2.1.  Ihese  tests  viere  perfomed  on  an  MTS  810 
closed-loop  servo-hydraulic  testing  systaa,  in  load  control  node.  A 
loading  rate  of  10(W/s  (1300  Ibs/nin)  was  used  for  all  tests.  The 
purpose  of  the  le^  shear  tests  was  to  determine  the  effects  of  alvsninum 
surface  treatment  on  the  ^lear  strength  of  the  polyner/metal  bond. 
Tests  were  run  in  the  dry  (as  processed)  ocndition,  and  eifter  one  weeik's 
esgnsure  to  140*F,  100%  relative  humidity  conditions  (henceforth 
referred  to  as  "wet"  condition)  to  determine  the  effect  of  moisture 
exposure  on  bond  strencfth.  Wet  tests  were  perfomed  ianediately  after 
removal  of  the  fpecimens  from  the  humidity  chamber. 

4.3.2.  Floating  Roller  Peel  Tests.  These  tests  were  performed 
ctooording  to  ASTM  D3167.  The  NTS  system  descrihed  above  was  used  to  mn 
the  tests.  Stroke  control  node  was  used,  with  a  stroke  rate  of  150  sm 
(6  inches)  per  minute,  lead  versus  stroke  measurements  were  recorded 
every  0.5  seconds  via  an  MES  459.10  Testlink  Qxmector  Interface  and  ITT 
XCRA  microcoeputer,  using  a  test  data  acquisition  program  in  Basic. 
Following  the  tests,  the  data  acquired  in  this  manner  was  into 
a  lotus  spreadsheet  file.  The  average  peel  strength  of  each  specimai 
was  determined  by  discarding  the  first  and  last  inch  of  peel  data,  and 
then  averaging  the  remaining  load  vs.  stroke  data  poiitts. 

The  purpose  of  these  tests  was  to  determine  the  effects  of 
aluminum  surface  treatment  and  moisture  e:g}06ure  on  the  adhesive 
strength  of  the  polymer/metal  bcxid.  The  first  series  of  peel  tests  was 
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perfoEmed  using  bare  and  clad  2024  eduminum.  Specimens  %«re  tested  m 
both  dry  and  vet  ccnditions.  Ihe  tests  were  then  repeated  using  8009 
alloy>  using  the  surface  treatments  vhich  appeared  most  promising  in  tiie 
lap  id^ear  and  peel  tests  with  2024.  The  8009  peel  tests  were  performed 
to  determine  whether  tests  using  2024  were  valid  for  the  high 
teoperature  alley  as  well. 

4.3.3.  Tensile  Tests.  Tensile  tests  were  performed  according  to  ASTM 
E-8  using  the  MES  system  described  above.  An  MIS  418.91  digital 
microprofiler  was  used  to  generate  the  loading  sequence.  Tests  were  run 
in  stroike  control  mode  at  an  extsision  rate  of  0.002  inches  per  second. 
A  one-inch  MTS  extensemeter  was  used  to  measure  strain.  Load,  strsdn, 
and  stroike  measurements  were  recorded  at  0.25  second  intervals  via  the 
microccDputer  data  acguisiticxi  program  described  above.  Ihe  data  for 
each  test  was  analyzed  using  Lotus,  and  values  for  yield  and  ultimate 
stress,  &acture  strain,  and  primary'  and  secondary  modulus  were 
determined. 

Specimens  tested  include  8009  eduminum  sheet  in  the  as  received 
oonditicn,  after  2  hours  at  343*C  (650’F,  the  processing  tenperature  for 
U-25) ,  and  after  24  hours  at  343  *C;  oonventioncil  5-ply  unidirectional  U- 
25/  glass  oonposites;  and  3/2  ply  laminate  qaecimens  in  the  longitudinal 
direction.  The  laminate  specimens,  20.3  cm  (8  in)  long  with  a  6.4  cm 
(2.5  in)  reduced  section,  were  made  from  panels  with  pho^horlc-acid 
anodized  alimiinum  only.  A  nominal  thickness  of  1.47  ran  (0.058  in)  was 
assumed  for  all  laminate  specimens.  Transverse  ^aecimens  were  not 
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tested  due  to  (1)  difficulty  in  sachining  these  specimens,  (2)  the 
limited  amount  of  material  aivedlable,  and  (3)  the  fact  that  transverse 
strength  is  ocntroUed  by  the  aluminum  layers,  and  is  effected  very 
little  by  the  fibers  or  residual  stresses^ 

Tensile  tests  viere  run  at  ambient  temperature,  >56*,  150*,  204*, 
and  250*C.  All  tests  were  run  in  the  dry  ccnditicn,  as  the  strength  and 
modulus  using  U-‘25/glass  were  not  eapected  to  be  affected  by  moisture. 
Three  of  each  type  of  i^iecimen  %ere  tested  at  each  temperature. 

4.3.4.  AkLsI  Fatigue  Tests.  Fatigue  tests  were  performed  cn  1500-lb. 
and  5000-lb.  Krouse  direct-stress  faticpie  machines.  These  machines 
autcnatically  maintain  a  constant  maxiimm  and  miniraim  load,  i.e.  the 
stress  on  the  ^jecimen  increases  as  cracks  form  and  grow.  The  machines 
were  set  to  a  load  vhich  corresponded  to  the  desired  initial  ncminal 
stress.  The  runtoer  of  cycles  to  failure  were  recorded  for  each  stress 
level.  2024  aluminum  ^lecimens  were  tested  vdth  different  surface 
treatments  to  determine  the  effects  of  the  surface  treatment  on  the 
fatigue  life  of  otherwise  identical  ^^ecimens.  8009  alloy  ^lecimens 
wane  tested  in  the  as-received,  untreated  condition.  8009/U25  laminates 
were  tested  using  untreated  and  phosphoric  acid  anodized  aluminum  sheet. 
The  edges  of  the  anodized  laminate  specimens  were  sanded  and  polished  by 
hand  to  remove  all  rou^iness  fincn  the  aluminum  layers.  Failure  in  the 
laminate  specimens  was  defined  as  the  ocmplete  fracture  of  all  aluminum 
layers.  Tests  were  terminated  after  10^  cycles  if  no  failure  occurred. 

The  specimens  xised  for  the  fatigue  tests  are  shown  in  Figure  16. 
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Lazg^  specimais  %iere  used  for  testing  the  aluminum  sheet  because  of 
minimum  stress  limitations  in  the  test  machines.  Smaller  specimens  vesre 
used  for  the  laminate  specimens  due  to  the  limited  amount  of  material 
available.  Ihzee  or  more  tests  were  run  for  each  material/surfaoe 
txeabnent  ooohinatlon.  Following  the  failure  of  the  laminate  specimens, 
residu£d  strength  tests  were  performed  to  determine  vhether  any  fiber 
damage  occurred  as  a  result  of  the  fatigue  test.  The  MIS  system  was 
used  for  these  tests,  %hich  were  performed  at  0.002  inch  per  second 
under  stroke  control. 

4.3.5.  Oynamic  MechanicaJ.  Tests.  These  tests  were  performed  aooording 
to  ASTM  D4065  using  a  DuPont  982  Dynamic  Mechanical  Analyzer  operating 
in  resonant  frequency  mode,  and  oontzolled  by  a  1090B  Thermal  Analyzer. 
A  nitrogen  atmosphere  was  used  for  the  tests,  which  were  conducted 
between  anbient  temperature  and  360*C  at  a  heating  rate  of  10*C  per 
minute.  A  nominal  initial  finequency  of  30  Hz  was  used  for  the 
specimens,  vhich  were  7.62  cm  (3  in)  long  and  1.27  cm  (0.5  in)  wide. 
The  thickness  varied  d^iending  oi  the  xtaterial.  Tests  were  run  on  2024- 
T3  and  8009  sheet,  U-25/glass  ocmposite,  2/1  ply  8009/U25  laminates,  and 
3/2  ply  ARALIr-4.  The  ARALL-4  was  tested  to  only  220*C  in  order  to  avoid 
degradation  of  the  ^nxy  and  subsequent  cxntaminaticn  of  the  test 
equipmoit. 

Storage  modulus,  loss  modulus,  and  tan  S  were  cmlcxilated  as  a 
funcjtion  of  temperature  and  plotted  by  the  1090B  analyzer.  Specimens 
were  run  in  both  longitudinal  and  transverse  dixecrtions,  and  in  dry  and 
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wet  ocnditicns.  ^)eciiDens  tested  in  the  wet  cxniition  were  tested 
severe!  times  in  suooessicn  to  determine  the  effect  of  drying  of  the 
polyoMT  layer  due  to  esgiosure  to  the  elevated  teo(>eratures.  Ihe  purpose 
of  these  tests  was  to  assess  the  dasoping  cheuracteristics  of  the  laminate 
and  the  possibility  of  using  it  in  aooustic  danping  zpplicaticns. 

4.3.6.  Chanical  Resistance  Tests.  laminate  specimens  aiproodaately 
Sinn  (2  in)  long  and  Unn  (0.45  in)  wide  were  suhnerged  in  various 
liquid  environments  vhich  were  representative  of  sene  of  the  chemical 
hazards  to  which  naval  aircraft  mi^t  be  eaposed.  Ihe  envirorments  used 
are  sunmarized  in  Table  vm.  Following  the  exposure,  the  ^eciinens 
were  tested  in  three-point  bend  to  determine  the  effects  of  the  chemical 
eiqposure  on  interlaminar  strength.  True  interlaminar  tests,  adhering  to 
A?IM  standards,  could  not  be  performed  because  the  difficulty  of 
machining  8009-based  laminates  made  it  inpossible  to  cut  qjecimens  of 
small  enou^  size  to  conform  to  Asm  standards.  Ihe  tests  were 
performed  on  an  Instron  1122  screw-type  tensiesVeonpressien  foame  at  a 
deflection  rate  of  0.05  iiymin. 
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S.O.  BBSaUB 


5.1.  TbtfOMtioal  SndicticBS. 


5.1.1.  RBsidmil  8tz«ss.  The  calculations  xised  to  detemine  the 
zesidued  stress  in  the  aluminum  and  fibers  are  shown  in  i^{pendix  I. 
Ihese  values  were  found  to  be  71.0  MPa  (10.3  ksi,  tensile)  in  the 
aluminum,  and  -332.5  MEe  (-48.2  ksi,  oonijressive)  in  the  fibas.  The 
czdculations  assume  that  the  polymer  bend  between  the  metal  and  fibers 
is  rigid,  i.e.  it  does  not  deform  under  shear,  and  that  the  CIE  of  the 
polymer  does  not  oentribute  to  the  residual  stress  state.  It  edso 
asfiimftg  that  no  fiber  budding  occurs.  Hius  the  calailated  residual 
stress  represents  an  i:pper  limit.  The  lower  limit  in  both  oonpenents  is 
zero,  this  result  being  obtained  by  assuming  the  CIE  mismatch  between 
fibers  and  metal  to  be  fully  relieved  by  shear  deformation  or  creep  in 
the  polymer  matrix. 

The  value  for  the  volume  fraction  of  fibers  was  determined  fron 
the  modulus  of  the  laminates  as  measured  in  tsisile  tests,  rather  than 
using  a  theoretical  volume  freK:±icn.  This  was  done  because,  as  will  be 
e}<plained  in  a  later  section,  it  was  not  possible  to  accurately  estimate 
the  volume  fraction  of  fibers  frcm  microgr^hs.  The  volume  fraction 
calculated  from  the  average  moduli  of  the  tensile  specimens  tested  at 
room  tesoperature  was  0.135.  This  calculation  is  shown  as  part  of 
appendix  I. 


65 


NAWCADWAR-93079-60 


5.1.2.  Yield  strength.  The  theoretical  yield  straigth  was  calculated 
aoooKding  to  Equations  (5) ,  (6) ,  and  (7) .  Yield  strength  was  predicted 
fcxr  both  the  maximan  and  miniman  predicted  values  of  residual  stress; 
the  calculations  are  shown  in  ^ipendix  II.  The  theoretical  yield 
strength  with  the  maximan  theoretical  residual  stress  is  345.9  (50.2 
ksi) ,  vftiile  that  with  no  residual  stress  is  401.1  MPa  (58.2  ksi) .  These 
values  were  oon|>ared  to  the  yield  strengths  obtedned  in  tensile  tests  on 
laminate  test  specimens. 

5.1.3.  Ultimate  .‘T^xeogth.  Theoreticcd  ultimate  strength  was  calculated 
using  Equations  (8)  and  (9) ,  as  shewn  in  Appoidix  m.  In  this 
calculation  it  is  assumed  that  the  ultimate  strength  is  achieved  at  the 
theore':lcal  ultimate  strength  of  the  fibers,  i.e.  that  failure  of  the 
laminate  in  tensicxi  is  ocxTtrolled  by  the  fibers.  The  ultimate  strength 
calculated  in  this  way  is  935.0  MPa  (135.6  ksi). 

5.1.4.  Modulus.  The  equation  for  theoretical  modulus.  Equation  (14), 
was  xised  not  to  determine  the  modulxxs  frem  volume  fractions  and  moduli 
of  the  cenponents,  but  rather  to  determine  the  ^parent  volxane  fraction 
of  fibers  frem  the  e^qjerimentally  measured  laminate  modulus.  This  is 
shown  in  i^paidix  I  as  part  of  the  residual  stress  ccilculaticxi. 

5.1.5.  Density.  The  theoretical  density,  based  on  Equation  (17),  the 
density  of  the  coropcxierTts  (8009=2.93  g/cc,  E-glass=2.62  g/cc,  and  U-25 
resizT=1.39  g/cc) ,  and  the  calculated  volume  faction  of  each  cenponent. 
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is  2.53.  Ihis  figure  uses  a  metal  volume  fraction  of  0.632,  cis 
calculated  frcn  the  thickness  of  the  sheets  (0.3  inn,  0.012  in.)  and  a 
nciDin2d  laminate  thickness  of  1.47  ran  (0.058  in.),  and  the  calculated 
fiber  volume  fraction  of  0.135.  The  remaining  0.233  is  assumed  to  be 
polymer.  While  this  is  not  actually  true,  it  allows  a  first 
appcoodmation  and  an  v^^per  limit  for  the  laminate's  nominal  density. 

5.2.  laminate  Rooessing. 

5.2.1.  Surface  Treatments.  The  mechaniccd  surface  treatments, 
especially  the  blasting  treatments,  had  a  considerable  shot  peening 
effect,  leaving  the  aluminum  sheets  considerably  bowed  vftien  blasted  on 
only  one  side.  To  minimize  the  bowing,  both  sides  of  all  sheets  were 
treated.  Ihe  appearance  of  the  2024  and  8009  surface  treatments  in  SEH 
are  shewn  in  Figures  17  and  18.  The  treated  surfaces  of  the  two  alloys 
were  sli^tly  different,  in  some  cases  (lA,  W2^,  (S,  and  SB)  because  the 
8009  is  harder  than  the  aldad  coating  on  the  2024,  and  in  seme  cases 
(UT,  PA)  because  of  differences  in  surface  texture.  Ihe  ridges  in  the 
UT  and  PA  8009  (Figures  18a  and  f)  are  an  artifact  of  the  rolling 
operation  used  to  fabricate  the  sheet. 

5.2.2.  Processing.  Processing  the  laminate  panels  proved  to  be 
somevhat  difficult.  Specifically,  it  was  very  difficult  to  obtain  a 
leak-free  vacuum  bag  which  would  hold  the  vacuum  until  the  maximum  cure 
temperature  was  reached.  As  a  result  of  this  and  the  fact  that  the 
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alximinum  layers  make  it  difficult  to  rescve  all  of  the  gases  ficon  the 
laminate^  most  panels  ocntained  a  sidastantial  amount  of  trapped  gases. 
Ihe  dimensions  and  c^apearanoe  of  a  cured  laminate  panel  is  shown  in 
Figure  19.  A  typical  cross  section  microgre^  of  the  laminate  is  ^lown 
in  Figure  20,  shewing  clearly  the  metal,  fibers,  polymer,  and  entrc$)ped 
gas  ^moes.  Ihe  presence  of  the  gas  spaces  resulted  in  a  very  uneven 
fiber  distribution  in  some  areas,  vAiich  made  microscopic  measurarent  of 
fiber  volume  faction  impossible.  For  this  reason,  the  fiber  loading 
was  instead  calculated  from  tensile  modulus  measurements. 

Ihe  U-25  panels  without  metal  layers  suffered  sene  "oozing"  of  the 
polymer  matrix  due  to  the  relatively  thick  (5-ply)  layvp  and  the  lack  of 
restraining  devices  at  the  edges.  The  panel,  vdiich  %«as  20  by  30  cm 
before  processing,  was  40  cm  wide  after  processing,  with  considerable 
di^lacenent  of  the  fibers  near  the  edges  (Figure  21) .  About  half  of 
the  panel  was  useful  for  fabricating  tensile  ^^ecimens.  Figure  22  shows 
a  cross  section  of  this  panel;  the  fiber  volume  fracticn,  from  the 
micrograph  and  based  cn  the  modulus  of  the  tensile  specimens,  was 
determined  to  be  about  73%. 

5.2.3.  ^tecimen  Sreparation.  Fabrication  of  laminate  specimens  was 
found  to  be  very  difficult.  Uie  machining  properties  of  8009  sheet  are 
very  poor  ocopared  to  those  of  traditioned  aluminum  alloys.  Ihe  edloy 
cannot  be  cut  with  a  dull  tool  or  at  high  speeds,  as  it  gcdls,  smears, 
and  baxSs  very  badly.  An  extremely  sharp  tool  and  relatively  low 
cutting  speeds  must  be  used,  and  large  bites  must  be  taken  at  each  cut. 
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Die  laottinate  specimens  oust  be  ti^tly  clasped  and  well  sipported  by 
thick  zdianirum  side  plates  in  cinder  to  aivoid  delamination  and  outward 
bending  of  the  cut  edges.  A  nuirber  of  specimens  were  inwsable  because 
of  delamination,  particularly  the  fatigue  specimens  with  the  dry  alumina 
surface  treatment  and  all  of  the  transverse  specimens  vdiich  were 
attenpted.  Only  a  bandsaw  was  anmilable  for  the  rou^  cutting  of 
specissensi  it  is  possible  that  a  thin-bladed  diamond  or  oonposite 
cutting  vheel  would  greatly  isprove  the  machinability  of  laminates  made 
with  8009. 

S.3.  Tests  Cerfosned. 

5.3.1.  Lap  Shear  Tests.  The  results  of  1^  shear  tests  using  2024-T3 
are  shown  in  Figures  23  to  28.  The  effects  of  surface  treatment  on 
shear  strength  in  the  dry  condition  are  shewn  in  Figure  23.  The 
chemical  surface  treatments  yielded  much  hi^ier  shear  strengths  than  did 
the  mechaniced  treatments.  The  strength  using  the  pho^horic  acid 
anodizing  treatMent  (PA)  was  12.27  MPa.  Dry  alumina  grit  blasting  (DA) 
gave  the  hi^iest  strength  of  the  mechanical  treatments,  8.23  MPa. 

When  the  DA  treatment  was  followed  by  a  PA  treatment  (DAPA)  the 
bond  strength  increased  to  13.86  MPa.  Failure  occurred  ochesively  and 
at  fiber/polymer  interfaces.  The  appearance  of  the  failed  shear 
^lecimens  is  ^lown  in  Figures  25,  26,  and  27. 

The  effects  of  moisture  esposure  on  the  same  surface  treatments 
are  shewn  in  Figure  24.  The  exposure  caused  a  moderate  drop  in  the 
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chemically  treated  ^^ecimens  (frcn  12.27  to  9.86  MPa  for  the  PA 
^xacimens) ,  and  a  someidiat  more  severe  drop  in  those  with  mechanical 
treatments.  The  specimens  with  untreated  2024  fcdled  under  their  cun 
weic^  after  moisture  eaqxssure. 

The  leqp  shear  strength  of  the  2024/U25  specimens  %d.th  the  CA 
surface  treatment  is  conpared  in  Figure  28  to  that  of  glass/PGEK,  lAn> 
TFI,  and  ABAI1>4,  all  with  the  same  anodizing  treatment.  The  U-25  is 
lower  than  ARAIL-4  by  about  one  third. 

5.3.2.  Boiler  Peel  Tests.  The  results  of  the  roller  peel  tests  using 
2024  and  8009  are  as  follows: 

(1)  2024/U25.  Due  to  a  faulty  nitrogen  inlet  valve,  no  external 
pressure  was  epplied  to  the  first  set  of  roller  peel  panels  during  the 
cure  cycle.  They  cured  only  under  vacuum  pressure,  about  six  percent  of 
the  total  pressure  required  in  the  standard  U-25  cure  cycle.  These 
"ruined"  specimens,  using  both  clad  and  bare  2024  and  the  surface 
treatments  listed  in  Table  VII,  were  tested  in  both  dry  and  wet 
oonditicns.  A  second  set  of  panels  for  peel  ^ecimens  was  fabricated 
after  correcting  the  faulty  valve.  These  ^iecimars  were  tested  only  in 
the  dry  (xnditicn. 

The  peel  strengths  exhibited  by  the  "ruined"  ^lecimens  are  shown 
in  Figures  29  and  30.  For  all  surface  treatments  in  both  dry  and  wet 
conditions,  the  peel  strength  with  cd.ad  2024  was  two  to  three  times 
hitler  than  that  with  bare  2024.  The  UT,  SB,  and  CP  surface  treatments 
gave  particularly  hi^  peel  strength,  all  three  exceeding  425  q/rm  in 
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the  dry  cxxditicn.  Ihe  CA,  GB,  zmd  CA  treatnaits  gave  the  lowest 
strength.  Moisture  e9gx36ure  weakened  the  peel  strengths  with  clad  2024 
hy  between  20%  (UT,  CP)  and  60%  (GB,  CA) ,  as  shewn  in  Figure  30. 

The  peel  strength  of  the  correctly  processed  ^}ecuoens,  shewn  in 
Figures  31  and  32,  was  scneiiihat  different  &Gm  that  of  the  "ruined" 
specimens.  The  strength  of  the  UT  q^ecimens  (with  dad  2024,  Figure 
32a)  was  considerably  lower  in  these  specimens,  and  GB  went  fren  the 
hi^iest  peel  strength  to  the  lowest  (451  to  196  g/mn) .  The  strongest  of 
these  ^aecimens  with  clad  2024  w^  NA  (390  g/nn)  and  PA  (383  q/vm, 
Figure  32b).  With  bare  2024,  however,  PA  was  the  weakest,  and  all 
^^ecimens  were  between  91  and  212  g/nn  (Figure  31) . 

The  peel  strengths  of  ARAIIy-4  and  Glare  laminates  were  measured  as 
well,  for  oenparison.  The  latter  was  tested  as  part  of  NAHC's 
participation  in  stnx±ural  laminates  Oo. 's  1991  Glare  Evaluation 
Program.  The  peel  strength  of  the  correctly  processed  ^^ecimens  with 
dad  2024  are  oonpared  in  Figure  33  to  that  of  glass/PEEK  laminates 
(fabricated  and  tested  previously  at  NAWC-  see  Section  2.4.4),  APAIIi-4, 
and  Glare.  ARALL  has  the  lowest  peel  strength  in  the  longitudinal 
direction,  vhile  Glare  and  the  glass/PEEK  have  the  hi^iest. 

Figures  34  and  35  shew  SEM  microgrephs  of  the  peeled  surfaces  for 
the  correctly  processed  specimens  with  dad  2024,  and  of  the  ARAIIr-4  and 
Glare  specimens  as  well. 

(2)  8009/025.  Figure  36  shows  the  wet  and  dry  peel  strength  of 

UT,  DA,  and  PA  surface  treatments  using  8009  aluminum.  PA  was  the 
strongest  at  312  g/nni.  Moisture  esqxssure  caused  caily  a  moderate  drop  in 
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strength.  Ihe  peel  strengths  with  8009  ocxpared  well  with  those  using 
2024  (Figure  37) ;  all  were  cxjnsiclerably  hic^ier  than  with  bare  2024,  and 
just  above  or  below  those  with  clad  2024.  SEM  microgrE^shs  of  the  peel 
surfaces  axe  shewn  in  Figure  38. 

5.3.3.  Tensile  Tests.  Ihe  results  of  the  tensile  tests  at  anbiait  and 
elevated  temperatures  are  sunmarized  in  Tables  IX  and  X. 

(1)  8009  Altmunm.  Ihe  results  of  tensile  tests  on  8009  are 
stiCMn  in  Table  IX.  Ihe  as-received  8009  had  an  anbient  temperature 
yield  strength  of  452  (65.6  ksi),  an  ultimate  strength  of  472  MBa 
(68.4  Xsi) ,  an  elastic  modulus  of  76.8  GPa  (11.1  Msi) ,  and  an  elengatien 
at  fracture  of  fron  9.4%  to  14.3%.  the  specimens  were  exposed  to 
343 ‘C  for  two  hours  to  sinaiilate  the  laminate  cure  cyde,  the  yield 
strength  increased  to  516  MKi  (74.8  ksi),  the  UIS  to  551  MPa  (79.9  ksi), 
and  the  modulus  to  82.6  GPa  (11.98  MSi) ,  vhile  the  elongation  at  failure 
decreased  to  between  2%  and  6.3%.  Upoi  further  exposure  at  343’C,  the 
yield  point  dropped  sli^tly,  While  elongation  increased  to  4.5%.  These 
properties  are  shown  grcphically  in  Figure  39. 

At  -56*C,  the  ultimate  strength  of  the  8009  increased  in  the  As 
Received  condition  to  about  645  (93.6  ksi) ,  and  in  the  "Processed" 
condition  to  about  669  MEe  (97.0  ksi).  Elongaticais  at  failure  averaged 
about  2%.  Due  to  the  imavailability  of  an  extensemeter  vhich  could 
operate  in  the  low  tenperature  conditions,  the  yield  stress,  modul\:is, 
and  elongation  could  only  be  estimated.  The  estimated  values  appear  in 
Table  IX. 
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At  elevated  teoperatures,  the  yield  strength,  ultinate  strength, 
and  modulvis  decxeased,  as  eo^iected.  Ihe  ultiaate  strength  in  the 
Processed  oonditicn  dropped  to  356  MPa  (51.6  ksi)  at  204'C  (400*F),  and 
to  295  MPa  (42.8  ksi)  at  250*C  (482*F).  Ihe  strengths  for  the  As 
Received  ^lecimens  were  sli^tly  lower.  Ihe  yield  and  ultimate 
strengths  coincided  for  the  Processed  8009  at  these  hi^ier  temperatures. 
Moduli  decreased  with  increasing  temperature,  but  to  a  relatively  small 
degree.  Elcmigation  of  the  Processed  specimens  remained  rou^y  ooistant 
with  test  tenperature,  vhile  that  of  the  As  Received  ones  decreased  with 
increasing  tenperature.  Yield  strength,  modulus,  and  elongation  could 
not  be  accurately  detennined  due  to  the  unavailability  of  a  high 
tenperature  extenscmeter  and  the  necessity  of  using  spring<-loaded  grips 
instead  of  hydraulic  grips  above  150*C. 

(2)  0>25  Ocmposites.  Ihe  brea]dng  stress  of  the  U'*25  laminates 
at  anhient  tenperature  was  found  to  be  around  1440  MPa  (210  ksi) ,  with  a 
modulus  of  about  65  GPa  (9.5  Msi).  These  ^)ecimens  had  no  tabs  cn  the 
ends,  so  the  specimens  were  claitped  in  the  grips  between  two  sheets  of 
2024.  Hcwever,  feiilure  still  occurred  incrementally  at  the  grips.  At 
150*C,  a  strength  of  about  1600  MPa  (232  ksi)  was  measured  using  thick 
sheets  of  alimiinum  to  protect  the  ^ecimens  frcm  crushing  in  the  grips. 
No  other  tests  were  ocnpleted  at  elevated  tenperatures  due  to  the 
difficulty  in  gripping  the  untabbed  specimens  in  the  ^ring-loaded  hi^ 
temperature  grips. 

(3)  8009/025  Laminates.  The  taisile  data  for  the  laminates  is 
shewn  in  Table  X.  The  yield  and  ultimate  strengths  of  the  laminate 


73 


NAWCADWAR-93079-60 


specimens  at  anbiait  tenperature  were  found  to  be  365  MBa  (53  ksi)  and 
584  MBa  (84.7  ksl) ,  ie^»ctively.  The  average  modulus  was  64.2  GBa 
(9.31  Msi) ,  and  the  elongation  at  fracture  was  3.42%.  The  stress-strain 
curve  was  similar  to  that  for  ARAUi  (Figure  40) . 

At  -■56*C,  the  yield  and  ultimate  strengths  increased  to  467  MBa 
(67.7  ksi)  and  599  MBa  (86.9  ksi)  re^ectively.  Modulus  increased 
sli^itly  to  66.5  GBa  (9.64  Msi) ,  and  elongation  decreased  to  between  1.3 
and  2.4%. 

The  yield  and  ultimate  strength  of  the  laminates  varied  relatively 
little  with  tenperatures.  The  yield  strsigth  was  about  312  ME^  (45.2 
ksi)  at  204*C,  and  then  decreased  more  guicikly  to  about  246  MBa  (35.7 
ksi)  at  250*C.  The  ultimate  str^igth  b^iaved  in  a  similar  manner, 
dropping  to  493  MEa  (71.5  ksi)  at  204*C  and  to  405  MBa  (58.7  ksi)  at 
250*C.  Moduliis  could  not  be  determined  due  to  the  equipment  limitations 
described  above  and  the  nonlinearity  of  the  strain-stroke  relationship 
over  most  of  the  test  range.  Elongation  edso  could  not  be  accurately 
determined,  but  was  rou^y  2  to  3%. 

5.3.4.  Axial  Fatigue.  The  results  of  axicil  fatigue  tests  were  as 
follows: 

(1)  2024-T3  Alundmin.  Fatigue  tests  revealed  that  all  of  the 
surface  treatments  in  Table  VII  increased  the  fatigue  life  of  2024 
ccnpared  to  the  untreated  sheet.  The  DA  and  GB  treatments  rcu^y 
doubled  the  fatigue  life,  from  117,400  cycles  (UT)  to  227,800  (DA)  and 
261,100  (GB) .  The  (±her  treatments  increased  the  life  to  a  lesser 
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exkerA.,  as  can  be  se^  frcn  Figure  41. 

(2)  8009  Aliminiitt.  Tests  on  the  8009  aluminum  reveeded  a  xvn-out 
stress  betweoi  172  and  207  MPa  (25  and  30  ksi) .  Fatigue  life  of  8009 
was  found  to  be  slightly  inferior  to  2024-T3  (tested  previously  at  NAM2) 
at  hitler  stress  levels,  but  was  better  at  stresses  belcM  about  250  MPa 
(36  ksi) .  The  S-N  curves  for  2024  and  8009  are  ^lown  in  Figure  42. 

(3)  8009/D25  laminates.  Due  to  the  difficulty  in  nechining 
laminate  specimens  and  obtaining  smooth  edges,  only  the  PA  treated 
specimens  yielded  useful  fatigue  data.  The  results  of  fatigue  tests  on 
these  laminates  are  shown  in  Figure  43.  The  fatigue  life  of  the 
laminates  was  found  to  be  inferior  to  that  of  monolithic  8009  sheet  for 
a  given  iKininal  stress.  The  difference  was  greatest  at  the  hi^ier 
stresses,  and  less  at  the  lower  stresses.  like  the  8009  sheet,  the 
laminates  showed  a  run-out  stress  over  172  MPa  (25  ksi) . 

5.3.5.  Dynamic  Mechanical  Tests.  The  results  of  the  EMA  tests  were  as 
follows: 

(1)  Aluninun  Shoot.  Plots  of  storage  modulus,  loss  modulus,  and 
tan£  are  shown  for  2024  in  Figure  44,  and  for  8009  in  Figure  45.  As 
esgiected,  loss  modulus  and  tan6  are  very  low  for  both  alloys,  althou^ 
the  loss  modulus  for  8009  increases  substantially  around  190*  to  240*C. 
The  storage  modulus  of  both  alloys  drops  re^idly  above  about  220*C.  The 
value  of  tan5  does  not  exceed  0.02  in  either  alloy. 

(2)  ARAIIr’4.  In  the  dry  condition  and  in  the  longitudinal 
direction,  APALI/-4  shows  a  peak  in  loss  modulus  and  tan£  around  25*C 
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to  120*C,  these  properties  are  scneii^t  lower,  thcu^  still  sli^tly 
(Figure  46).  Maxinum  tan£  at  this  tenperature  is  about  0.08.  From  60* 
hitler  than  in  2024.  increase  slightly  above  120*C,  and  then 

sharply  at  190*C,  vftiere  the  storage  modulus  drops  off.  The  c^^namic 
b^iavior  in  the  wet  oondition  is  similar,  except  that  the  peak  in  loss 
modulus  and  tan6  at  25*C  is  not  present. 

(3)  0-25  Ooaposltes.  As  with  the  ARAUi,  there  is  a  peak  in  loss 
modulus  and  tan6  in  the  dry  longitudinal  specimens  just  above  30*C.  The 
peak  is  much  larger  in  the  oonposite,  however,  with  tan6  s  0.1  (Figure 
47) .  Both  properties  drop  off  at  higher  tenperatures,  and  level  off  at 
tani  s  0.04  or  0.05.  They  increase  sharply  eigain  at  220*  or  240*C. 
Beyond  this  range  tan£  reaches  a  TiaviTum  vedue  of  about  0.28.  After 
moisture  exposure,  the  Icngitudinal  specimens  no  longer  show  the  peak  at 
lew  tenperatures,  and  the  loss  modulus  and  tan5  are  considerably  lower 
below  180*C  than  in  the  dry  oondition,  with  tan5  ^  0.02  (Figure  48). 
Above  180*C,  both  loss  modulus  and  tan5  increase  dramatically,  the 
latter  to  about  0.35. 

In  the  transverse  direction,  the  storage  is  naturally  low, 

and  so  too  are  the  loss  modulus  and  tan5.  Above  220*C,  tan5  increases 
sharply  to  about  0.4.  The  b^iavior  of  the  moisture  ejposed  transverse 
fpecimens  was  similar  to  that  of  the  dry  cxies.  A  plot  of  one  of 
tests  is  shewn  in  Figure  49. 

(4)  8009/025  Laminates.  In  the  longitudinal  direction,  the  dry 
laminate  ^jecimens  showed  a  tan5  between  0.02  and  0.04  vp  to  240*c,  and 
a  peak  of  0.26  at  280*C.  Storage  modulus  decreased  sharply,  and  loss 
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specimens  b^iatved  in  a  similar  memner.  It  was  found  that  when  several 
modulus  incxeeised,  above  240*C.  This  is  shown  in  Figure  50.  Ihe  wet 
tests  were  run  one  after  the  other  tinder  the  same  oonditicns  using  the 
wet  specimens,  the  storage  modulus  increased  in  each  test  until  it 
reached  the  value  measured  for  the  dry  specimens.  At  the  same  time,  in 
both  wet  and  dry  specimens,  the  temperature  at  which  the  maximim  loss 
modulus  and  tan£  occurred  increased  after  several  successive  tests  by 
about  20*C. 

In  the  transverse  direction,  tan£  rose  fixn  about  0.03  below  240*C 
to  about  0.32  at  280*C  (Figure  51).  After  moisture  esgiosure,  the  value 
of  tan£  was  sli^itly  hi^ier  at  low  tenperatures,  about  0.4  to  0.6. 

5.3.6.  Ohanical  Resistaikoe  Tests.  The  results  of  the  three-point  bsid 
tests  are  shewn  in  Table  XI.  large  variations  in  maximum  load  were 
found  fixm  one  specimen  to  the  next  in  some  cases,  even  for  the  same 
chemical  exposure.  The  nunher  of  ^lecimens  avedlable  was  insufficient 
to  determine  accurate  average  loads.  Typical  load  vs.  displacement 
curves  are  shewn  in  Figure  52. 
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6.0.  KSCOSSICXI. 

6.1.  Lap  Shear  Tests. 

SEM  examination  of  the  lap  shear  failure  surfaces  indicated  that 
in  the  specimens  with  untreated  aluminum  and  all  of  those  vith 
mechanical  surface  treatments,  failure  occurred  primarily  at  the 
polymer/aluminum  interface.  This  indicated  that  the  shear  strength  of 
the  polymer/aluminum  bond  Mas  less  than  the  ^lear  strength  of  the 
polymer  or  the  polymer/fiber  interfaces.  Some  regions  of  polymer/fiher 
fedlvire  was  found  in  the  CA  specimens  (Figure  26a) ,  with  stiear  fedlure 
of  the  polymer  matrix  between  the  polymer/aluminum  and  polymer/fiber 
fzdlure  regions. 

The  CA  and  PA  specimens  (Figures  26b  and  c)  reveeded  fedlures 
primarily  at  or  near  the  polymer/fiber  interfaces,  with  cohesive  failure 
of  the  polymer  natrix  between  fibers,  indicating  that  the 
polymer/aluminum  bond  was  stronger  than  the  polymer/fiber  bond.  The 
eppearanoe  of  the  fedlure  surfaces  did  not  change  significantly  after 
moisture  exposure,  so  it  does  not  ^pear  that  esposure  to  hot/wet 
conditions  weakened  the  polymer/aluminum  bend  encu^  for  failure  to 
occur  at  that  interface. 

The  EAPA  failure  surfaces  (Figure  26d)  were  dendnated  by  failures 
at  the  polymer/fiber  interfaces,  with  cchesive  feulure  of  the  matrix  in 
between.  There  were  also  small  regions  of  polymer/aluminum  fcdlinre. 
This  was  probably  due  to  the  fact  that  the  initial  DA  surface  treatment 
left  the  surface  rcu^  and  uneven,  so  the  failure  surface  (vhich  is  also 
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vmeven)  intersected  the  aliminum  surface  in  sane  spots.  Die  higher 
shear  strength  of  these  specimens  therefore  results  fran  the 
introductlcn  of  large-scsde  rcu^iness  ty  the  treatmait  without  loss 
of  strength  in  the  subsequent  anodizing  procedure. 

Lap  shear  tests  on  ARAILr'4  resulted  in  a  "furry"  failure  surface, 
the  fibers  being  pulled  spart  and  shredded  by  the  shear  failure  Figures 
27a} .  It  sppears  that  the  Qxsxy/aluminum  and  epceqr/f iber  interfaces  are 
relatively  strong,  and  that  the  failure  occurs  throu^  shear  fciilure  of 
the  fibers.  Tensile  fiber  fsdlures  could  not  be  identified  due  to  the 
chaotic  appearance  of  the  fsdlure  (Figure  27b) ,  but  it  sppears  that  most 
of  the  fibers  visible  have  been  sheared  apart,  as  suggested  ty  the 
numerous  fine  filaments  visible  in  the  image. 

Figure  28  shews  that  the  lep  shear  strength  of  2024/U25  is  lower 
than  that  of  ARMi>4,  2024/Ii^-TPI,  and  2024/glass-FEEK.  Diis  seems  to 
be  due  to  the  lew  shear  strength  of  the  U-25/glass  interface  oaipared  to 
the  oorre^xmding  interfaces  in  ARALL  and  rather  than 
inferior  polymer/metal  bond  strength.  Recedl  that  the  tests  on  lARC-TPI 
used  an  unreinforced  film;  since  the  ^ear  strength  with  a  film  ^lould 
be  hitler  than  that  using  a  fiber  reinforced  pr^ireg,  the 
polymer/aluminum  shear  strength  using  the  U-25  polyimide  is  probably 
ocoparable  to  that  using  lARC-TPI,  \pAiich  is  also  a  thermoplastic 
polyimide.  Diis  could  not  be  ascertained  due  to  the  unavailability  of 
unreinforoed  U-25  film. 
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6.2.  Roller  Seel  Tests. 

6.2.1.  2024/025.  Peel  tests  vtsing  2024/U25  reveeded  that  with  most 
surface  treatments,  the  peel  strength  was  such  higher  with  cled  2024 
than  with  bare  2024  (Figures  29  and  31) .  In  the  case  of  the  mechanical 
surface  treatments,  this  is  prcbably  due  to  the  lower  hardness  and 
greater  ca^>acity  for  defonsation  in  the  pure  alusdnum  coating  of  the 
clad  surfaces.  For  the  chemical  treatxnents  and  in  the  vmtreated 
specimens,  the  strsiigth  difference  is  most  likely  the  result  of  the 
greater  chemical  reactivity  of  the  clad  coating.  The  difference  is  most 
severe  with  the  lA  surface  treatment;  this  indicated  the  need  to  perform 
peel  tests  using  8009  as  well,  to  determine  whether  the  clad  or  the  bare 
2024  was  a  more  accurate  representation  of  the  banding  behavior  of  8009. 

The  effects  of  processing  are  shewn  in  Figure  32.  For  most 
surface  treatments,  the  peel  strength  was  hi^ier  fen:  the  correctly 
processed  panels  than  for  the  "ruined”  ones.  This  is  not  surprising,  as 
one  would  e3ipec±  a  lew  processing  pressure  to  result  in  poor  or 
inccnplete  bonding.  However,  the  untreated  and  scotch-brite  abraded 
surfaces  demonstrated  hi^^ier  peel  strengths  when  incorrectly  processed. 
This  occurred  because  these  two  surface  treatments,  unlike  the  other 
mechanical  treatments,  yielded  relatively  flat  surfaces.  The  hi^ 
processing  pressures  in  the  correctly  processed  panels  resulted  in  much 
of  the  polymer  being  squeezed  out  of  the  panel  at  the  edges,  leaving 
fibers  in  contact  with  the  alimiinum.  The  peel  strength  of  a  fiber  in 
contact  with  the  aluminum  is  essentially  zero,  so  the  macrosocpic  peel 
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strengtli  is  lower  for  the  higher  processing  pressure.  This  did  not 
occur  in  the  other  neciuuiical  treatmaits,  because  their  rough  surfaces 
retained  sore  of  the  polynter.  In  the  case  of  the  chemical  treatments, 
the  hitter  pressures  in  the  correctly  processed  panels  prcmoted  greater 
infiltration  of  the  polymer  into  the  parous  codde  surface,  resulting  in 
hitler  peel  strengths. 

The  untreated  surfaces  yielded  relatively  hi^  peel  strengths  due 
to  the  relative  ssoothness  of  the  surface.  This  gave  good  ccntact 
betwe^  the  polymer  and  the  aluminum,  but  because  of  the  lade  of 
mechanical  interlocking,  the  ^lear  strength  of  the  resulting  bend  is 
low.  The  peel  straigths  of  the  mechanical  surface  treatments  can  be 
justified  based  on  the  morphology  of  the  surfaces.  The  GB  treatment, 
with  the  large,  disih-sh2$)ed  depressions,  has  the  lowest  strength,  vhile 
the  deep,  angular  d^ressions  of  the  alumina  blasted  surfaces  give 
hic^ier  peel  strengths. 

Phosphoric  acid  anodizing  gave  hi^ier  peel  strartgths  than  chronic 
acid  anodizing  under  both  processing  conditions,  and  after  moisture 
eigxasure,  as  well  (Figure  32b) .  Qironic  acid  anodizing  with  subsequent 
priming  gave  even  higher  peel  strengths,  and  it  is  reasondsle  to  assume 
that  the  PA  treatment  plus  primer  would  give  corparable  results. 
Hewever,  one  of  the  goals  of  this  research  is  to  danonstrate  direct 
bolding  of  the  polymer  and  the  aluminum,  and  the  elimination  of  todc, 
chemically  unstable  primers.  As  the  peel  strength  of  the  PA  treatment 
alone  was  good,  the  eliminatioi  of  the  primer  can  be  considered 
successful. 
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The  p^el  failxires  in  all  of  the  ^^ecinens  tested  occurred  at  the 
polyner/aluminum  interface,  as  seen  in  Figure  34,  indicating  that  the 
peel  strength  of  the  bond  is  weaker  than  that  of  the  polymer/fiber 
interfaces.  Ihis  r^sresents  a  potential  area  for  ixi(jrovenent  of  the 
bending  procedure,  possibly  by  etching  the  polynter  surface  pries:  to 
laminate  fabrication  or  throuc^  iicproved  cleanliness  of  the  lay-ip 
procedure. 

It  can  readily  be  seen  frem  the  xnicrogrE^hs  in  Figure  34  that  the 
peel  ^jecimens  contained  a  substantial  fraction  of  urbonded  surface. 
Ihese  appear  as  smooth  surfaces  in  the  nicrogre^hs,  with  sene  drawn-cut 
filaments  vhere  the  polymer  was  in  cchtact  with  the  cduminum.  Ihe 
amount  of  isbonded  area  is  quite  hi^,  c^roaching  10%  in  seme  cases. 
These  iihbcnded  regions  are  the  result  of  inccmplete  removal  of  tre^ped 
gases  during  the  cure  cycle.  ITcm  the  smooth  eppearanoe  of  the  polymer 
in  the  unbcsided  areas,  it  appears  that  air  pockets  were  present  from  the 
beginning  of  the  cycle,  i.e.  the  air  was  not  ocnpletely  evacuated  from 
the  layup. 

This  is  primarily  due  to  the  difficulty  in  transporting  all  of  the 
edr  to  the  edges  of  the  panels  by  the  combination  of  a  vacuum  inside  the 
bag  and  external  pressure.  This  difficulty  is  ccopounded  vhen  the 
aluminum  surface  has  been  mechanically  rou^iened.  The  panels  were  cured 
without  a  cover  plate  on  top  of  the  layups;  as  a  result,  the  edges  were 
pinched  together  by  the  external  pressure,  and  the  top  surface  of  the 
cured  panel  was  not  quite  smooth.  This  may  have  contributed  to  the 
trEpped  gas  problem,  as  well.  The  use  of  a  thick  (say  3.2mm,  0.125  in) 
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cover  plate  on  the  layi^  should  reduce  the  amount  of  unbonded  area. 

Ihe  high  level  of  traqpped  gas  spaces  also  es^lalns  the  fact  ^t 
the  actual  density  of  the  laminate  was  found  to  be  2.28  ^oc  (based  on 
the  1.47  mm  ncninal  thickness),  about  90%  of  the  "thearetical"  value 
(recall  Section  5.1.5) .  The  measured  density  suggests  that  the  polymer 
volume  fraction  is  only  0.055.  This  isplies  a  fiber  loading  in  the 
cured  pr^reg  of  71%,  vAiich  agrees  well  with  the  73%  measured  in  the  XJ- 
25  oooposite  (Section  5.2.2) ,  and  an  overadl  porosity  volume  fi^ction  of 
0.178.  The  latter  figure  seems  excessive,  and  optical  images  suggest 
that  the  fiber  loading  in  the  fully  dense  pr^meg  is  scnesiihat  less  than 
71%,  i.e.  the  polymer  volume  fraction  is  more  than  0.055.  This  is  quite 
possible,  since  the  exact  density  of  the  fibers  was  not  kncwn,  the  value 
of  2.62  representing  an  ipper  limit. 

Figure  33  shows  the  peel  strengths  of  2024/U25  with  the  correct 
processing  pressure  and  in  the  dry  condition  ocopared  to  ARAIIr-4,  Glare, 
and  2024/PCE3^glass.  Peel  failures  in  ARAU,  occur  exclusively  within 
the  fiber  layer,  i.e.  near  the  polymer/fiber  interfaces.  It  eppears 
that  the  fciilure  occurs  primarily  at  the  interface,  with  some  shredding 
of  the  fibers  (Figure  35a) .  Ihus  the  peel  mechanism  in  ARALL  differs 
frcxa  that  in  8009/U25. 

In  both  the  Glare  and  the  2024/FEEVglass,  peel  failures  occur 
primarily  within  the  polymer  matrix,  with  some  failure  at  polymer/fiber 
interfaces  (Figure  35b) .  Ihe  essentially  cohesive  nature  of  these 
failures  indicates  that  the  peel  strengths  of  both  the  polyroer/fiber  and 
the  polymer/cduroinum  bonds  are  so  great  that  thty  exceed  the  cohesive 
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strength  of  the  matrix.  This  has  been  found  to  be  baieficial  in  Glare, 
but  bad  in  glass/EEEK  laminates  due  to  the  deleterious  effect  it  has  on 
the  fatigue  properties  of  the  latter. 

6.2.2.  8009/D25.  Based  on  the  peel  results  obtained  with  2024,  only 
the  EA  and  PA  surfacse  treatsnents  were  chos^  for  further  evaluation, 
along  vdth  UT  as  a  baseline.  The  DA  treatment  vas  chosen  for  its 
potential  e^licability  to  field  repairs.  PA  was  chosen,  of  course, 
because  it  has  the  best  oonbination  of  good  bond  str^igth  and  reduced 
^Tvironmental  ri^.  A  fourth  laminate  panel  was  fabricated  using  the 
EAPA  surface  treatment  described  previously,  but  the  level  of  trapped 
gases  was  very  hi^  and  as  a  result  the  panel  delaminated  badly  vhile 
being  cut  for  ^lecimens. 

The  bond  strength  of  the  other  specimens  was  found  to  be  good,  and 
was  not  strongly  affected  by  moisture  e>gx3sure  (Figure  36).  The  peel 
strengths  measured  conpared  favorably  to  those  using  clad  2024,  as  shown 
in  Figure  37;  thus  in  future  tests  with  other  polyimide  systems,  the 
peel  strength  with  8009  can  probably  be  well  represented  by  peel  tests 
with  dad  2024.  For  these  purposes,  the  low  peel  strengths  measured  for 
bare  2024  can  be  neglected. 

MicrogrEphs  of  the  peeled  surfaces  (Figure  38)  show  that,  as  with 
the  2024,  failure  occurs  primarily  at  the  polymer/aluminum  interface. 
With  8009  and  the  PA  surface  treatment,  however,  there  is  evidoxse  of 
sane  failure  at  the  polymer/fiber  interfaces  (Figure  38c) .  Agadn,  there 
is  a  significant  amount  of  unbonded  area.  There  is  also  a  considerable 
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amount  of  ’’waviness"  in  the  fibers,  v^ch  was  visible  to  a  lesser  extent 
in  the  2024/U25  specimens.  Ihis  waviness  prcbably  represents  the 
eOleviatiGn  of  residual  stresses  cxunpling  of  the  fibers.  This  was 
only  se^  in  certain  locations,  and  did  not  appear  to  affect  the  tensile 
b^iavior  of  the  laminates. 

Based  on  all  of  the  lap  shear  and  peel  test  results  described 
above,  the  best  surface  treatment  for  promoting  good  bond  strength  is 
pho^horic  acid  anodizing.  It  appears  that  wildi  reasonable  attention  to 
the  cleanliness  of  the  surfaces  and  a  one-step  etching  treatment  for  the 
polymer,  vholly  adequate  bond  strengths  can  be  achieved  using  the 
simplified  anodizing  procedure  and  direct-bonding  of  the  thermoplastic 
to  the  metal. 

6.3.  Tensile  Tests. 

6.3.1.  8009.  The  tensile  data  for  8009  (Table  IX)  is  shewn  graphically 
in  Figure  53.  Figure  53a  shows  the  yield  and  ultimate  strengths  as  a 
function  of  test  tenperature,  vhile  Figure  53b  shows  modulus  and 
elongation  versus  tenperature. 

(1)  Aoibient  Tenperature.  The  increase  in  ambient  tenperature 
yield  strength  and  decrease  in  elongaticxi  in  8009  vpon  annealing  is 
shewn  in  Figure  39.  This  phenomenon  has  been  noted  previously  in  8009 
aduminum,  [86,106]  believed  to  be  due  to  dynamic  strain  aging 
(DGA) .  DSA  in  aluminum  alloys  is  characterized  by  reduced  ductilily  and 
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increased  flov  stress,  caused  by  the  imnobillzation  of  dislocations  by 
solute  atoms. 

(2)  Low  Tanperature.  The  8009  aluminum  shoMed  a  sli^t  increase 
in  yield  strength  in  both  the  As  Received  and  the  "Processed" 
conditions.  This  is  as  expected  with  foe  metals  such  as  edianinum,  vhich 
tend  to  show  a  moderate  iixnrease  in  yield  strength  with  decreasing 
tenperature.  The  strain  to  failure  decreases  sonevhat  due  to  the 
inability  of  dislocations  to  mofve  quickly  enough  at  tiie  low  tenperaiture 
to  aocennodate  the  plastic  deformation  in  the  farming  neck. 

An  attenpt  was  made  to  estimate  the  modulus  of  the  8009  at  -*56*C 
by  measuring  strain  as  a  function  of  the  stroke  of  the  hydraulic  ram  at 
ambient  temperature  and  using  this  relation^iip  to  infer  strain  fren  the 
stroke  at  the  lower  teiperature.  Tte  -56*C  modulus  calculated  in  this 
way  for  8009  was  70.5  GPa  (10.2  Msi),  ocartsiderably  less  than  the  acdulus 
at  anbient  temperature,  indicating  that  the  technique  was  not  successful 
for  the  8009  ^jecimens. 

(3)  Elevated  Tenperatures.  The  As  Received  and  Processed 
specimens  showed  similar  strength-to-temperature  relationship.  The 
strength  decreases  almost  linearly  with  test  temperature,  vhich  is  in 
agreement  with  results  published  elsesAiere.  The  major 
difference  between  the  two  was  that  the  As  Received  material  showed  seme 
strain  hardening  at  elevated  temperatures,  and  elongation  decreased  at 
elevated  temperatures,  whereas  the  Processed  material  shcxi^  no  strain 
hardening,  and  maintained  a  constant  elcngation  to  fcdlure  at  most 
temperatures.  The  reason  for  this  is  the  cpamic  strain  hardening. 
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descrUised  above,  vdiicb  takes  place  in  the  As  Received  alley  iqpcn 
ejqnsure  to  elevated  tesfseratuxes.  Both  the  As  Received  and  Processed 
8009  showed  a  minimiim  in  ductility  at  150*C.  Ihis  phenenenon  has  been 
found  in  8009  by  other  researchers,  as  well,t®®'^°®^  and  agedn  is 
attributed  to  dynamic  strain  aging. 

As  with  the  -56*C  tests,  the  lack  of  an  extensemeter  for  extreme 
tenperatures  made  the  estimation  of  yield  strength,  modulijs,  and 
elongaticxi  difficult.  This  problem  was  exepeunded  by  the  fact  that  the 
^rung  grips  which  had  to  be  used  above  150*C  were  less  stiff  than  the 
hydraulic  cnes  used  at  lower  temperatures,  and  eilso  caused  problens  with 
specimen  slippage.  However,  it  appears  that  the  lic^t  weight  of  these 
grips  woriced  in  favor  of  the  8009  sheet  ^lecimais,  as  strainrstress 
cedibrations  at  anbient  temperature  yielded  a  relatively  linear 
relationship,  and  the  property  estimates  made  using  this  relationship 
seem  very  reasonable.  The  modulus  estimates  in  particular  agree  well 
with  those  determined  elsesrfiere. 


6.3.2.  n>25  oooposite. 

(1)  Ambient  Temperature.  The  oonposite  specimens  tested  at  room 
temperature  broke  at  less  than  half  of  their  theoretical  strength 
because  th^  were  not  adecjiately  protected  fican  the  grip  clamping 
forces.  The  crushing  of  the  specimai  in  the  hydraulic  grips  resulted  in 
premature  fiber  biaakage  at  the  edge  of  the  grips.  Thick  tabs  are 
cdearly  needed  to  protect  the  ends  of  the  specimen;  they  were  protected 
sanadiat  between  0.063  inch  sheet  aluminum  tabs,  vhich  were  scaaetdiat 
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effective,  but  not  enough  so. 

Even  so,  useful  madulvis  data  was  obtained  froD  the  tests,  2dlowing 
the  fiber  volume  fraction  to  be  calculated  based  on  the  theoretical 
modulus  of  the  fibers.  Ihe  resulting  fraction  was  about  0.74,  vAiioh 
agreed  well  with  the  0.73  calculated  from  optical  micrographs.  Based  on 
these  values,  the  theoretical  strength  of  the  ocnposite  is  about  3390 
MPa  (492  ksi). 

(2)  Elevated  Ten^ieratuxes.  Tensile  tests  at  150*C  reveeded  the 
need  for  ^id  tabs  as  was  noted  at  ambient  tenperatuxe.  Hcwever, 
thiciker  pieces  of  aluminum  were  used  to  protect  the  specimens  in  these 
tests,  and  a  Tnavimm  stress  of  1600  MPa  (232  ksi)  was  obtedned.  This  is 
still  well  below  the  theoretical  strength  of  the  ccnposite,  but  the 
estimated  fracture  energy  (see  section  6.3.4)  suggests  that  the  full 
strength  of  each  fiber  was  reached.  In  other  words,  the  fibers 

reached  their  breaking  strength  at  different  ncmincil  stress  levels, 
rather  than  all  at  the  same  time. 

Testing  of  the  ocoposite  material  at  tenperatures  cbove  150*C  were 
not  ccnpleted  because,  it  was  found,  the  ^sring-loaded  grips  could  not 
hold  on  to  the  specimens,  even  after  the  surfaces  in  the  grip  section 
were  xou^iened.  These  tests  will  be  attempted  again  after  tabs  suitable 
for  hi^  tenperature  testing  have  been  added  to  the  ^)ecimens.  This 
will  also  prevent  the  premature  fiber  failure  noted  in  the  anbient 
temperature  tests. 
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6.3.3.  8009/D25  laminates.  Ihe  yield  and  tensile  strength  of  the 
laminates  are  shown  as  a  function  of  test  tenfieratuie  in  Figure  54. 

(1)  Ambient  Tai|>6ratuxe.  Ihe  ambient  tenperature  yield  strength 
of  the  laminates,  365  ME^,  was  sli^tly  less  than  the  predicted  strength 
assuming  the  maxinum  level  of  residual  stress.  The  linear  relationship 
of  theoretical  yield  strength  with  residual  stress  level  suggests  that 
the  laminates  possessed  about  two  thirds  of  the  maximum  theoretical 
residual  stress.  It  is  likely  that  some  of  the  residual  stress  was 
acocnraodated  by  shear  strain  within  the  polymer  matrix  and  by  waviness 
of  the  fibers  as  noted  previously. 

Ihe  measured  ultimate  tensile  strength  was  much  lower  than  the 
theoretical  strength,  584.1  MPa  versus  935  MPa.  Ihe  primary  es^lanation 
for  this  difference  is  in  the  failure  mode  of  the  laminate.  As  was 
mentioned  previously,  the  theoretical  calculation  assumed  that  failure 
occurred  vpcxi  failure  of  the  fibers  at  their  ultimate  strength,  with  the 
alxmiinum  layers  plastically  deformed  but  intact  just  prior  to  failure. 
However,  this  is  not  the  case.  Ihe  elongations  of  the  laminate 
specimens  at  failure  averaged  about  3.4%,  which  was  ^ipraximately  the 
average  elongaticxi  of  the  8009  aluminum  specimens  cifter  being  ei^xssed  to 
the  laminate  processing  conditions.  Ihe  failure  strain  of  the  fibers, 
on  the  other  hand,  is  a^/E^  or  just  over  5%. 

It  can  therefore  be  concluded  that  the  laminate  fadls 
catastrophically  in  tension  vpon  fracture  of  the  eduminum  layers,  even 
thou^  the  stress  on  the  fibers  is  far  below  their  breaking  strength. 
Ihis  can  be  e^iplained  by  considering  a  tensile  test  at  the  instant  of 
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failure  of  the  aluminum  layers.  It  is  assumed  that  2dl  three  edumirum 
layers  fedl  simultaneously  and  in  the  same  area  on  the  specimen,  and 
that  the  effects  of  necking  in  the  alumimm  eune  negligible.  Just  prior 
to  the  failure,  the  specimen's  modulxm  and  strength  is  constant  along 
its  length  (Figure  Al,  Appendix  JV(A)).  The  gage  section  can  be 
considered  to  be  in  equilibrium  along  its  length.  The  tests  \«xe  run  at 
a  constant  stroke  rate,  vMoh  was  very  slow  ocnpared  to  the  time 
required  for  fracture  to  occur.  Therefore,  it  can  be  assumed  that 
imnediately  cifter  failure  of  the  aluminum  layers,  the  total  elongation 
of  the  ^^ecimen  is  the  same  as  before  failure.  The  specimen  would  then 
have  a  new  equilibrium  state,  with  the  toted  stredn  divided  between  the 
intact  parts  of  the  specimen  and  the  fibers  between  the  brokim  aluminum 
layers  (Figure  A3,  Ippendix  IV(B)).  The  length  of  the  latter  section 
depaids  on  how  much  delamination  occurs  tpon  failrure  of  the  alvnninum 
layers. 

As  shown  in  ^pendix  IV(A) ,  the  length  change  a1  in  the  specimen 
prior  to  failure  of  the  aluminum  layers  can  be  described  as  the  origined 
length  1^  times  the  sum  of  the  elastic  and  plastic  cenponents  of  strain: 

=  ^O  t°yl/%,  (22) 
Immediately  after  fracture,  a1  has  the  same  valuu,  but  is  now  divided 
betwe^  the  broken  and  unbroken  segments  of  the  specimen: 

^  [  (<^yL-^l-^uL)/EL  +  (‘^uL-^yLJ/E'i  ]  +  I2  (23) 

This  derivation  is  shown  in  Appendix  IV(B).  By  using  various 
substitutions  and  the  measured  tensile  properties  of  the  laminate,  the 
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stress  in  the  fiJsers  at  the  instant  of  alundnum  failure  can  be 
calculated  as  a  functicn  of  the  length  of  the  delaminated  zone 
surrounding  the  breaks  in  the  eduminum.  These  czQculations  are  shewn  in 
Appendices  IV  (A)  and  (B)  and  in  'Cable  XU,  and  are  plotted  gre^iiically 
in  Figure  55. 

It  can  easily  be  seen  in  the  figure  that  as  the  length  of  the 
delaminated  zone  approaches  zero,  the  stress  in  the  fibers  bridging  the 
cracfks  in  the  aluminum  e^aproaches  the  theoretical  strength  of  the 
fibers.  In  reality,  glass  fibers  typically  fedl  at  20%  to  40%  below 
their  theoretical  strength,  and  there  is  also  additioned  stress 
placed  on  the  fibers  1:^  the  elastic  oiergy  released  vhen  the  aluminum 
fails.  Thus  if  the  size  of  the  delamination  zone  is  less  than  some 
critical  value,  failure  of  the  aluminum  layers  will  result  in 
catastrophic  failure  of  the  specimen,  eviQi  thou^  the  stress  in  the 
fibers  prior  to  aluminum  f^lilure  is  much  less  than  their  theoretical 
strength.  Note  from  Thble  XII  that  «hen  the  length  of  the  delaminated 
zone  is  zero,  the  ocnplicated  equation  from  Appendix  IV(B)  can  be 
discarded,  and  the  stress  in  the  fibers  at  the  break  is  simply  a^j/Vf . 

(2)  Low  Taoperature.  The  average  yield  strength  of  the  laminate 
at  -56*C  was  found  to  be  about  466  MPa  (67.6  ksi),  or  about  102  Mfe  (15 
ksi)  greater  than  at  ambient  tenperature.  This  is  due  to  the  increased 
yield  strength  of  the  8009  aluminum  at  this  tenperature.  The  8009  yield 
strengths  estimated  from  the'load/stroKe  data  does  not  sho/  nuch  of  an 
increase  oonpared  to  anbient  tenperature,  however.  This  suggests  that, 
since  the  straiiystroke  relationship  vsed  proved  inaccurate  for 
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^tinating  the  ncdulvis  for  the  8009,  it  edso  produced  an  erroneous  yield 
strength  estiinate  for  that  sdloy. 

Ihe  esq^ected  increase  in  the  laminate's  yield  strength  is  offset 
sonet^t  by  the  increased  theoretical  residual  stress,  vftuch  can  be 
calculated  fixm  Equations  (1) ,  (2) ,  and  (3) ,  and  is  sham  as  a  function 
of  tenperature  in  Figure  56.  In  this  way,  the  theoretical  ireaximum 
residued  stress  in  the  aluminum  layers  at  -56*C  is  found  to  be  95.5  MPa 
(13.85  ksi)  tension,  an  increase  of  24.5  over  that  at  aodbient 
taperature.  By  using  this  value  and  the  measured  yield  strength  of  the 
laminate  in  Equation  (5) ,  an  expected  yield  strength  for  the  8009  of 
between  605  and  700  ME^  (88  and  102  ksi),  d^)ending  on  the  residual 
stress  state,  is  obtained. 

The  ultimate  strength  of  the  laminate  specimens  varied 
considerably,  but  two  of  the  three  broke  soon  cifter  yielding  began.  Ihe 
average  strength  was  599  MPa  (86.9  ksi).  Ihe  fibers  did  not  fedl 
immediately  tpon  ciluminum  layer  failure  at  -56  *C  as  th^  did  at  ambient 
tenperature  (Figure  57) .  Ihis  is  because  the  failure  strain  of  the  8009 
is  lower  at  low  temperatures,  and  therefore  the  stress  in  the  fibers 
xpon  failure  of  the  aluminum  is  lower. 

Ihe  estimated  elastic  modulus,  66.5  MPa  (9.64  Msi),  was  sli^tly 
hi$)er  than  that  at  ambient  tenperature.  From  Equation  14,  this  implies 
an  8009  modulus  of  86.2  MPa  (12.5  ksi)  at  -56*C.  This  is  sli^tly 
hic^ier  than  the  modulus  of  the  aluminum  at  anbient  tesiperature.  It 
therefore  eppears  that  the  technique  of  inferring  strain  from  the  stroke 
of  the  hydraulic  ram  was  reasonably  successful  for  the  laminates  at 
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-S6*C,  even  thcu^  it  was  unsuccessful  for  the  8009  sheet. 

(3)  Elevated  Tea{)eratuxe.  Ihe  yield  and  tensile  strength  of  the 
laminate  decreased  much  more  slowly  with  increasing  tenperature  than  did 
the  strength  of  the  8009  sheet.  Ihe  reason  for  this  is  twofold.  First, 
as  tenperature  increases,  the  residual  tension  in  the  eduminum  layers 
decreases  (Equations  (1) ,  (2) ,  and  (3) ,  Figure  56) .  Ihus  at  hic^^ 
teoperatures,  the  yield  point  is  reduced  to  a  lesser  degree  lny  the 
residual  stress  (recELll  Equation  (5) ) .  Second,  the  modulus  of  the 
aluminum  decreases  more  sharply  with  increasing  tenperature  than  that  of 
the  glass  fibers.  Iherefore  the  fibers  carry  a  greater  percentage  of 
the  load  at  hicher  tenperatures,  increasing  the  apparent  yield  stress. 
The  effect  of  a  hicher  ratio  can  be  seen  by  noting  the  arrowed 
equation  in  ippendiuc  II. 

The  yield  strength  drops  off  significantly  between  204*  and  250*C 
as  the  glass  transition  tenperature  of  the  polymer  is  ^proached.  At 
all  tenperatures  between  airbient  and  the  Tg,  tensile  fcdlure  occurred 
more  or  less  in  a  brittle  manner  immediately  ipon  fadlure  of  the  fiber 
layers.  At  250*C,  fibers  failed  one  or  several  at  a  time  over  about  a 
30-second  interval  (oorrespcaiding  to  a  1.3  sn  increase  in  ram  extension) 
following  feiilure  of  the  aluminum  layers.  Bending  and  shearing  of  the 
fibers  relative  to  one  another  confirmed  that  the  polymer  matrix  was 
above  its  Tg.  The  different  tensile  fcdlure  behavior  at  250*C  was  a 
result  of  the  loss  of  stiffness  in  the  polymer  matrix.  Equation  (23) 
and  the  cedculaticns  in  appendix  IV(B)  are  no  longer  valid  at  this 
tenperature,  because  they  assume  that  the  polymer  matrix  is  stiff,  and 
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does  not  suffer  ary  shear  defomation.  This  clearly  vxsuld  not  be  true 
at  or  above  the  Tg. 

Ihe  xiltinate  strength  behaves  in  a  similar  manner  to  the  yield 
strength/  vith  a  gradued  dropoff  below  204*C  and  a  more  re^id  decrease 
above  that  tenperature.  Unfortunately/  the  contribution  of  the  fibers 
to  the  hi^  tenperature  tensile  strength  could  not  be  determined  because 
of  the  delays  in  testing  the  U-25  oonposites. 

As  was  maitioned  in  Section  5.3.3/  the  moduli  and  elongations  to 
fadlure  of  the  laminates  could  not  be  determined  at  the  hic^ier 
tenperatures.  It  appears  that  the  relatively  hi^  loads  involved  in  the 
laminate  tensile  tests,  \diile  an  asset  at  lower  tenperatures  with  the 
massive  hydraulic  gripS/  caused  excessive  settling  and  forced  changes  in 
the  alignment  and  seating  of  the  load  train  vhen  the  lic^-wei^t, 
sprung  grips  were  used  at  hic^  tenperatures.  Ihe  result  was  the  hig^y 
non-linear  strain-stroke  relationship  noted  at  the  lower  loads.  Ihus 
the  elastic  and  secondary  moduli  could  not  even  be  estimated  at  the  two 
hic^iest  tenperatures.  Both  moduli  are  ejpected  to  behave  in  a  manner 
similar  to  the  tensile  and  yield  strength,  however. 

(4)  stretched  Laminate  specimen.  In  addition  to  the  above 
tensile  tests,  one  additional  test  was  conducted  at  anhient  tenperature, 
in  vhich  the  specimen  was  loaded  to  a  ncndnal  stress  of  about  480  MPa 
(69.6  ksi)  and  than  unloaded.  Hiis  stress  was  about  120  MPa  (17.5  ksi) 
above  the  ^jecimen's  yield  point,  and  represented  a  total  permanent 
strain  (as  measured  front  the  stress-strain  diagram.  Figure  58  of  about 
1.41%.  Ihe  residual  stress  in  the  aluminum  layers  was  altered  according 
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to  the  equation: 

^‘^res.Al  “  <24) 
%A)eace  A€  is  the  strain  of  unloading  frcn  480  MPa  (-0.00878,  as  measured 

fron  tile  stxess-stredn  diagram),  and  repfcesents  the  change  in 
stress  fixm  the  tensile  yield  stress  of  the  cduminum.  Thus  the 
theoretical  change  in  stress  in  the  aluminum  is  -725  MPa,  giving  a 
residual  stress  vhen  the  ^lecimen  is  unloaded  of  516-725  ME^  or  -209  MPa 
(-30.3  ksi,  oompression)  in  the  aluminum.  Equation  (4)  is  still  valid, 
so  the  oorresponding  residual  stress  in  the  fibers  would  be  978  MPa  (142 
ksi)  tension. 

The  residual  ocxpression  in  the  aluminum  layers  would  be  esqiected 
to  increase  the  yield  strength  of  the  laminate.  In  fact,  using 
Equations  (5)  and  (7),  the  new  yield  strength  should  be  about  563  MPa 
(81.7  ksi) .  The  actucil  yield  strength  after  stretching  was  measured  at 
about  490  ME^  (71  ksi) ;  the  difference  was  probably  due  to  the 
aoocnnodation  of  part  of  the  residual  stress  by  shear  in  the  polymer 
matrix  and  stress  relaxaticn  in  the  aluminum.  Based  on  the  predicted 
and  measured  yield  strengths  above,  and  the  theoreticeil  yield  strength 
in  the  absaioe  of  residual  stresses  (i^ppendix  11(B) ) ,  c^proximately  half 
of  the  residual  stress  eppears  to  have  been  aooonnodated  in  this  manner. 
The  stress-stredn  curves  for  both  the  initial  stretch  and  the  subsequent 
tensile  test  are  shown  in  Figure  58. 

The  id.timate  strength  of  the  stretched  laminate  specimen  was  not 
aiffected  by  the  stretching  procedure.  Oonpared  to  unstretched 
^Kcimais,  the  elcaigation  was  reduced  by  the  approximate  amount  of  the 
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initial  stretch,  from  3.4%  to  about  2.1%.  Ihe  elastic  modulus  increased 
about  5%  after  stretching,  probably  due  to  sene  strain  hardening  in  the 
aluminum. 


6.3.4.  Tensile  ftaoture  Bneigies.  ihe  vnek  absorbed  by  the  specimens 
in  the  tensile  tests  uas  determined  by  grsqohically  integrating  the 
stress-stroke  curve  to  obtain  the  area  xinder  the  curve.  Ihe  stroke  was 
xised  instead  of  the  strain  in  order  to  obtain  the  total  energy  for 
failure  rather  than  just  the  energy  per  inch  of  gage  section.  The 
resulting  energies  were  normalized  cross-sectional  area  of  the 
^jecimens.  Ihe  resulting  values  have  th^  units  of  Ua^tsB?  (ft.lbs/ix^) , 
and  are  summarized  in  Tables  XIII  and  shown  graphically  in  Figure  59. 

At  anbiant  tenperatuce  the  highest  failure  energy  per  unit  area 
belongs  to  the  As  Eeoeived  8009,  follcwed  closely  by  the  8009/U25 
laminates  (Table  xm) .  The  failvire  energy  of  the  "I^rooessed”  8009  is 
rou^y  half  that  of  the  laminate,  thou^.  The  hi^ier  energy  of  the 
laminate  is  due  to  the  very  hi^  ficacture  energy  of  the  glass  fibers, 
vhich  evai  with  a  laminate  failure  strain  of  only  3.4%  amounts  to  nearly 
6.8  Va/m?  (over  3200  ft.lbs/in^).  The  theoretical  fracture  energy  of 
the  U25  oenposite,  based  cxi  the  theoretical  UIS  and  failure  strain,  is 
about  9.55  ND0nm?. 

All  of  the  materials  showed  a  decrease  in  fracture  energy  at  - 
56*C.  Over  the  teanperature  range  -56*C  to  250’C,  the  fracture  energy  of 
the  As  Received  8009  first  increased  with  tenperature,  but  then 
decreased  at  the  hi^ier  tenperatures  as  c^namic  strain  aging  occurred. 
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Ihe  Processed  8009,  \Aiich  represents  a  much  more  stable  miczostnxtuxe, 
stiowed  a  general  increase  in  fracture  energy  vith  teoperature.  Ihis  is 
due  to  the  increased  mobility  of  dislocations  at  hic^her  tenperatures. 
Ihe  fracture  energies  of  the  laminate  gpecimens  were  nearly  constant 
over  the  entire  teoperature  range,  except  at  -56*C,  vhere  the  greatly 
reduced  toughness  of  the  Processed  8009  resulted  in  a  substantial 
reduction  in  that  of  the  laminate,  and  at  150*C,  vhere  dynamic  strain 
aging  resulted  in  premature  fracture  in  both  the  laminates  and  the  8009 
sheet. 

The  failure  energy  of  the  U-25  oonposite  at  150*C  was  found  to  be 
7.31  Va/na?,  which  is  just  over  three  quarters  of  the  theoretical 
fracture  energy  at  anbient  teoperature.  As  was  mentioned  above,  this 
suggests  that  the  full  strength  of  the  fibers  was  obtained,  e^iecially 
vhen  it  is  recalled  that  fibers  typically  fail  20-40%  below  their 
theoretical  strength, 

6.3.5.  Sunnaiy  of  Tensile  Properties. 

The  tensile  behavior  described  above  dencnstrates  the  excellent 
potential  of  high  teoperature  laminates  from  a  strength  point  of  view. 
The  variation  of  strength  with  teoperature  is  much  less  pronounced  than 
with  the  monolithic  HIA  alloy  8009.  This  is  because  of  the  contribution 
of  the  fibers  to  the  tensile  properties.  The  glass  fibers  do  not  yield, 
and  the  reduction  of  their  theoretical  ultimate  strength  at  elevated 
tenperatures  does  not  appear  to  2iffect  the  tensile  properties  of  the 
laminate,  since  failure  is  generally  controlled  by  the  cduminum  layers. 
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At  the  same  tine,  the  decxease  in  fiber  modulus  with  increasing 
temperature  is  less  than  that  of  the  aluminum,  so  the  fibers  carry  a 
larger  fraction  of  the  load  at  higher  tenperatures. 

Ihe  laminate  tensile  properties  are  very  proodsing  for  another 
reason,  namely  the  dramatic  increase  in  yield  strength  with  post¬ 
stretching.  Ihe  degree  to  vhich  post-stretching  can  be  used  to  isprove 
the  yield  strength  in  hi^  taiperature  laminates  is  not  clear,  however, 
because  as  temperature  is  increased,  the  residual  ocnpression  in  the 
aluminum  viiicb  results  from  the  stretching  will  be  increased  by  the 
additional  thermal  expansion-induced  ocnpressicn.  liftiile  there  is  little 
danger  of  exceeding  the  oonpressive  yield  strength  of  the  aluminum, 
there  is  the  possibility  of  shear  fatigue  or  shear  failure  in  the 
polymer  binding  the  aluminum  and  fibers  together.  This  possibility 
would  have  to  be  examined  experimentelly,  such  as  by  performing  shear 
fatigue  tests,  to  determine  hew  much  post-stretching  can  be  tolerated  by 
the  laminate. 

m  oonsidering  hi^  temperature  laminates,  the  applications  tar 
which  they  are  intended  must  be  in  mind,  as  it  is  the  applications 
vhich  define  the  critical  properties.  Sheer  strength  is  usually  not  the 
most  important  property  for  a  laminate.  From  this  point  of  view,  the 
8009/U25  laminates  have  demionstrated  good  tensile  properties  vAiich  are 
vholly  sufficient  to  justity  further  research  into  thermoplastic^ased 
hi^  temperature  laminates. 
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6.4.  Aadal  Fatigue. 

6.4.1.  2024-T3  Alunimn.  The  fatigue  life  of  2024  is  iiKzeased  by 
surface  treatment  as  ^icun  in  Figure  41.  For  the  three  grit  blasting 
treatments,  this  is  due  to  the  shot-peening  effect;  the  blasting  process 
causes  plastic  defamation  in  the  surface  of  the  aluminum,  vftucii  results 
in  a  residual  occpressive  stress  at  the  surface  since  most 
fatigue  cracks  initiate  at  the  surface,  the  time  required  to  initiate  a 
crack  is  increased. 

Ihe  sootch-brite  (SB)  surface  treatment  was  less  effective, 
because  it  does  not  produce  a  unifom  ccepressive  stress  at  the  surface 
as  do  grit  or  bead  blasting.  Most  of  the  increase  in  fatigue  life  in 
these  specimens  was  probably  due  to  the  removal  of  pre-existing  surface 
cracks  and  flaws.  Ihe  increased  fatigue  life  in  the  chemically  treated 
specimens  may  be  due  partly  to  the  creation  of  a  heuri  oxide  coating  on 
the  ^}ecimen  surface,  and  partly  to  the  blunting  of  pre-existing  cracks 
by  the  chemical  dissolution  of  the  surface  eduminum. 

6.4.2.  8009  Aluninum.  Figure  42  ^lows  that  the  fatigue  life  of  8009  is 
less  than  that  of  2024  at  hi^  stresses,  but  greater  at  lower  stresses. 
At  Icwer  stresses,  fatigue  life  is  dominated  by  crack  initiation, 
idiereas  crack  propagation  is  dominant  at  hi^ier  stresses.  Ihe 
longer  life  of  the  8009  at  lew  stresses  suggests  that  it  is  more 
resistant  to  crack  initiation  than  is  2024-T3,  but  less  resistant  to 
crack  propagation  once  a  crack  has  farmed.  This  may  be  due  in  part  to 
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the  fact  that  the  8009  fatigue  ^jecimais  were  tested  in  the  As  Received 
oonditicn,  and  so  were  softer  and  more  ductile  than  the  nnooessed  8009. 
Fatigue  tests  have  not  yet  been  perfomed  cxi  8009  in  the  Processed 
ocnditicn,  but  it  is  reasonable  to  assume  that  its  fatigue  lesistanoe 
will  be  less  than  that  of  the  As  Received  alloy. 

6.4.3.  8009/025  Lamtnates.  Fran  the  results  of  fatigue  tests  on  2024 
with  various  surface  treatments,  and  traoi  the  discussion  of  laminate 
fatigue  properties  in  Section  2.2.4,  the  fatigue  life  of  the  laminate 
should  be  greater  than  that  of  the  8009  ^leet  at  ary  given  stress  level. 
However,  Figure  43  suggests  that  this  is  not  the  case.  The  e39>lanaticn 
for  this  lies  in  the  fact  that  the  stress  levels  used  in  the  tests  and 
^xjwn  in  the  figure  represent  nominal  stress  levels  in  the  laminate,  not 
the  true  stresses  in  the  metal  layers.  The  true  stresses  must  be 
considered  in  order  to  c^reciate  the  effectiveness  of  the  laminating 
technique  in  increasing  fatigue  resistance,  and  the  potential  fatigue 
properties  of  this  particular  laminate. 

The  true  stress  in  the  metal  layers  is  given  by  Equaticn  (12). 
The  stress  in  the  aluminum  would  be  esqiected  to  be  hi^ier  than  the 
ncndncil  stress  in  the  laminate  because  of  the  presence  of  the  polymer 
matrix,  which  does  not  contribute  significantly  to  the  strength,  and  the 
fact  that  the  fibers  have  nearly  the  same  modulus  as  the  metal. 
Neglecting  residual  stresses  for  the  moment,  the  metal: laminate  stress 
ratio  is  3/['ViQ+(Ef/E^)Vf].  Note  that,  by  rearranging  the  terms  in 
Equation  (12) ,  this  ratio  is  equal  in  theory  and  e:q)eriment  to  the  ratio 
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of  the  moduli  of  aluminum  to  laminate.  U&ing  the  properties  determined 
frcn  the  tensile  tests,  these  ratios  are  found  to  be  equed  to  1.285.  In 
other  words,  assuming  no  residual  stress, 

“  1.285  ^25) 

If  the  residual  stress  in  the  eduminum  is  now  oonsidered,  the  true 
stress  in  the  aluminum  is  even  hi^ier,  since  t^^es.Al  ^  tensile.  Ihe 
maximum  theoretical  residual  stress  is  71  MPa,  as  calculated  in  i^ppendix 
I.  Thus  the  v^per  limit  for  the  true  stress  in  the  aluminum  layers  is 

°id  “  ^*285  +  71,  (26) 

vftiile  the  lower  limit  is  represented  by  Equation  (25) .  Table  XIV  lists 
the  vedues  of  oorrespcxiding  to  Over  a  range  of  fatigue  stress 
levels,  along  with  the  associated  Aa  and  R-ratio  values.  This  data  is 
shown  grcqfiically  in  Figures  60,61,and  62. 

From  the  figures  and  the  data  in  Table  XIV,  it  is  clear  that  the 
lower-bound  true  stress  in  the  eduminum  (i.e.  assuming  no  residual 
stress)  is  substantially  hi^er  than  the  nominal  stress,  the  differenoe 
being  greater  at  hicher  a-^.  The  minimum  stresses  increase 
proportionally  with  the  maximum  stress,  namely  by  a  factor  of  1.258. 
The  mean  stress  and  stress  range  increase  by  the  same  factor.  The  R 
ratio,  however,  remains  O.l  at  all  stress  levels. 

Wh^  the  maxiimm  theoretical  residual  stress  is  oonsidered,  the 
maximum  and  minimum  stresses  and  the  mean  stress  are  all  increased  by  71 
MEh.  As  a  result,  the  stress  range  ao  is  the  same  as  it  is  for  the  zero 
residual  stress  condition.  The  R  ratio,  however,  is  changed  drastically 
because  both  o,nav  and  increased  by  the  same  71  M£%i.  The 
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increases  in  Aff  and  greater  at  hi^  nmlnal  stresses  than  lew, 

and  the  R  ratio  decreases  at  hi^^ier  stresses.  In  other  words,  the 
fatigue  exanditions  in  the  laminate  ocxnpared  to  those  in  the  8009  axe 
relatively  worse  at  higher  stresses  than  at  lew,  and  therefore  the 
laminate  S-N  curve  should  be  flatter  than  the  8009  curve.  As  Figure  43 
shows,  this  is  in  fact  the  case. 

Figure  63  shows  the  data  fran  Figure  43,  plirs  two  additional  sets 
of  data  representing  the  "nominal''  laminate  S-N  data  corrected  for  the 
tnie  stress  in  the  aluminum  layers.  Die  middle  curve  represents  the 
true  S-N  response  of  the  eduminum  assuming  no  residual  stress,  while  the 
\:pper  curve  assumes  the  maximum  theoretical  residual  stress.  As  was 
noted  in  Section  6.3.3  for  the  yield  re^xaise  of  the  laminate,  tiie 
actual  S-N  re^xaise  of  the  aluminum  in  the  laminate  lies  somewhere 
between  the  middle  and  i^per  curves,  depending  on  how  much  residual 
stress  is  actually  present. 

For  the  laminate  specimens,  the  actual  values  of  g^y, 
gjQggj^,  and  Aa  are  all  greater  than  the  nominal  values,  vhile  the  R  ratio 
is  hitler  than  the  nominal.  As  a  result,  the  contribution  that  the 
fibers  make  to  the  fatigue  resistance  of  the  laminate  can  not  be 
determined  by  oenparisons  with  the  8009  data.  Nonetheless,  it  can 
easily  be  semi  frem  Figure  63  that  based  on  the  true  stress  in  the  8009, 
the  fatigue  response  of  the  alximinum  cespenent  was  greatly  improved  by 
inoorparating  it  in  a  laminate.  Debits  the  fact  that  the  true  stresses 
in  the  aluminum  were  much  worse  than  the  ncmined  stresses,  the  fatigue 
life  of  the  laminate  was  reasonably  good  cenpared  to  the  monolithic 
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8009.  Ihls  suggests  the  possibility  of  achieving  siQjerior  fatigue 
properties  in  the  laminate  by  son^iow  reducing  the  true  stresses  in  the 
aluminum  relative  to  the  noninal  stresses.  Ihis  can  be  done  in  two 
ways. 

Ihe  first  way  is  to  design  the  laminate  so  that  more  of  the  load 
is  carried  by  the  fibers.  This  can  be  done  in  a  number  of  ways,  such  as 
(1)  increasing  the  fiber  volume  fraction;  (2)  increasing  the  total 
thiclaiess  of  the  polymer/fiber  layers  relative  to  that  of  the  aluminum; 
or  (3)  r^lacing  the  glass  fibers  with  hi^ier  modulus  fibers,  such  as 
carbon.  These  changes  must  be  dene  with  care,  however,  as  cdl  will 
likely  increase  the  residual  taisicn  in  the  eduminum  (see  Equations  (1) 
and  (4) ) ,  vhich  would  shift  the  S-M  curve  downward. 

The  second  way  to  inprove  the  fatigue  resistance  is  to  reduce  the 
residucil  stress  in  the  aluminum  layers  by  post  stretching.  Agcun,  this 
must  be  done  carefully,  as  reducing  the  residual  stress  also  increases 
the  R  ratio,  again  decreasing  the  e^parent  fatigue  resistance.  These 
two  techniques  can  be  \ised  in  ccubination  to  achieve  the  greatest 
possible  fatigue  resistance.  Some  optimum  condition  must  be  found  vhere 
the  sum  of  all  the  positive  and  negative  effects  are  maximized.  If  the 
relationships  between  the  stress  conditions  and  R  ratio  and  the  fatigue 
life  are  knewn  for  the  metal,  then  the  optimum  oonditiens  for  the 
laminate  can  be  determined.  Otherwise,  the  fatigue  life  of  the  laminate 
must  be  determined  ejqierimaitally  as  a  function  of  fiber  modulus  and 
volume  fraction  and  residual  stress  state. 

If  the  laminate  is  intended  for  a  fatigue-critical  education. 
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the  above  problems  can  be  avoided  to  some  extent  by  using  a  cxxpliant 
polymer  or  a  film  layer  in  between  the  polymer/fiber  and  metal  layers. 
Ihis  would  allow  most  of  the  residucd  stresses  to  be  aooomnodated  by 
shear  deformation  of  the  polymer,  thus  allowing  the  use  of  a  hi^  volxane 
fraction  of  hi^  modulus  fibers  without  excessive  residual  stresses  or 
the  need  for  post-stretching.  Securely  fixing  the  layers  together  at 
their  ends  would  present  a  problem,  however. 

6.4.4.  8009/U2S  Lamisates:  Besidual  Strength.  Following  the  fatigue 
failure  of  the  alxmdnum  layers,  the  laminate  specimens  were  tested  in 
tension  to  determine  the  residued  strength  of  the  unbroken  fiber  layers. 
Ideedly,  the  fcdltxre  of  the  aluminum  layers  would  not  cause  any  fiber 
damage,  and  the  residual  strength  would  epproach  the  theoretical 
strength  of  the  fibers.  However,  as  the  data  in  Table  XV  ^icws,  this 
was  not  the  case.  The  taisile  failure  loads  show  no  relationship  to  the 
stress  levels  in  the  initial  fatigue  tests.  Rather,  the  residual 
strength  varies  widely  at  all  fatigue  stress  levels. 

Ihe  calculated  stress  in  the  fibers  at  the  maviTwm  load  varies 
from  0  to  28.2%  of  the  theoretical  strength  of  the  fiber  layers.  As  can 
be  seal  in  Figure  64,  the  failure  energies-  the  area  under  the  curves- 
also  varies  greatly.  In  addition,  the  roaxiimim  load  is  followed  by  a 
nunber  of  peaks  at  progressively  lower  loads.  Ihese  observations 
suggest  two  things. 

First,  the  latter  fact  indicates  that  the  fibers  are  not  uniformly 
loaded;  rather,  there  is  a  range  of  loads  an  the  individual  fibers  or  on 
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clistezs  of  fibers,  and  each  fiber  or  cluster  fails  as  it  reaches  its 
own  particular  fedlure  stress.  Ihis  explanation  is  supported  by 
observations  made  for  tensile  tests  on  the  U-25  ocnposites,  and  by  the 
nicrogrephs  in  Figure  38,  \^ch  show  that  some  of  the  fibers  e^pear 
strai^t  vhile  others  are  obviously  not.  Under  stress,  the  fibers  which 
were  initiedly  arched  or  twisted  nay  only  have  a  small  load  on  them 
while  the  initially  straicht  ones  nay  be  near  their  fedlure  stress.  A 
hi^h^  degree  of  anisotropy  in  fiber  loading  would  result  in  a  lower 
maximum  load  to  fedlure,  bi:±  a  more  extaided  fedlure,  i.e.  a  greater 
total  elongation  to  the  last  fiber  failure. 

Ihe  second  thing  vhich  can  be  inf ened  from  the  residual  strength 
data  is  that  the  fatigued  specimens  have  widely  varying  amcunts  of  fiber 
damage  at  the  termination  of  the  fatigue  test.  Ihe  source  of  the  damage 
may  have  been  overloading  of  some  fiber  clusters  due  to  the  anisotropic 
stress  distribution  described  above,  or  it  may  have  resulted  &xm 
cutting  or  abrading  by  the  fractured  ends  of  the  aluminum  layers  (the 
fatigue  machines  shut  off  automatically  \iben  all  three  aluminum  layers 
were  broken,  but  due  to  the  mcmentum  of  the  motor  and  crank  assembly, 
the  machine  took  about  200  cycles  to  ocme  to  a  stop) .  Ihe  fracture 
energies  (i.e.  the  areas  under  the  residued  strength  curves)  were  not 
ccdculated,  but  is  probably  reasonable  to  assume  that  the  ^)ecimens  with 
the  hi^iest  residual  strength  were  relatively  ^?ee  of  fiber  damage.  Ihe 
specimen  with  a  residual  strength  of  zero,  obviously,  suffered  oonplete 
fiber  danage. 

It  was  mentioned  in  Section  2.2.4  that  the  length  of  the 
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delaminated  region  around  a  fatigue  crack  was  very  iisportant  to  the 
ability  of  the  fibers  to  bridge  the  cracks  in  the  adjacent  alumimm 
layers.  An  estimation  of  the  size  of  the  delaminated  zone  can  be  made 
fron  the  load-displacement  plot.  At  the  point  of  the  first  fiber 
failures,  the  theoreticcil  strain  on  tlKsse  fibers  is  Fran 
the  load-di^lacement  curves,  the  c^proodmate  change  in  length  of  the 
fibers  within  the  delaminated  zone,  a1,  at  the  maximum  load  P  is  equcd 
to  P  divided  by  the  stiffness  S  (in  N/m  or  Ibs/in) .  It  can  be  seen  that 
the  delaminated  length  1  of  the  fibers  at  the  instant  of  fracture  is 
giv^  by: 

1  =  Al/€yf  =  VE/aS  (27) 

By  using  the  a1  valiie  for  the  first  fiber  failure  and  that  for  the 
final  failure,  the  minimum  and  maximum  delamination  lengths  can  be 
estimated.  Ihis  was  done  for  cill  of  the  fatigue  specimens  tested  for 
residual  strength  (see  Figure  64,  for  exanple).  Ihe  results  are  listed 
in  Table  XV.  Ihe  minimum  values  ranged  from  16.5  tc  34.3  nm,  vhile  the 
maximum  delamination  lengths  were  from  29.5  to  60.7  sm.  If  the  average 
delamination  size  for  each  specimen  is  assumed  to  be  approximately  the 
average  of  the  minimum  and  maximum  values,  the  resulting  average 
delamination  sizes  vary  from  25  to  46  mn,  with  a  sli^t  increasing  trend 
with  increasing  fatigue  stress.  Ihis  suggests  that  >hile  the  ancunt  of 
fiber  damage  suffered  during  the  fatigue  tests  varied,  the  size  of  the 
delamination  zone  is  sensitive  to  the  fatigue  stress  level. 

It  ^KUld  be  noted  that  the  delamination  lengths  calculated  from 
residual  strength  tests  are  not  those  present  in  the  laminate  during 
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fotigue  crack  growth,  but  eifter  the  relatively  severe  stress  conditions 
encountered  during  failure  of  the  aluminum  lexers  and  run-down  of  tiie 
fatigue  machine.  It  can  be  assumed  that  the  size  of  the  delamination 
during  fatigue  is  substantially  smaller  than  the  values  in  Table  XV. 
Ihe  fact  that  the  ^leclmens  did  not  delaminate  ocnpletely  \:g»n  failure 
of  the  eduminum  lexers  is  encouraging,  indicating  that  the  polymer/tetal 
bond  strength  is  sufficient  for  fatigue  applications.  The  bond  could  be 
nade  stronger,  however,  without  causing  fiber  overloading  due  to 
insufficient  delaminaticm  (a  situation  enoountered  in  earlier 
e}g)eriinents  with  8009/FEEK-Glass  laminates) . 

6.4.5.  8009/025  laminates:  Post-Stretched  Fatigue.  In  order  to 
determine  the  effects  of  post-stretching  on  the  fatigue  prqperties  of 
the  laminate^  some  laminate  pieces  were  stretched  in  the  MIS  hydraulic 
test  system  prior  to  being  machined  into  fatigue  ^jecimmis.  From  the 
stress-stxeun  plots  of  tensile  specimens,  it  was  estimated  that  a  strain 
under  l06Ki  of  about  0.010  would  approximately  reverse  the  resickud 
stress  state  in  the  laminate.  Ihe  ^}ecimmis  were  therefore  stretched  to 
this  value  of  strain,  and  were  then  unloaded.  Ihe  average  stress 
required  to  reach  0.010  strain  was  about  390  MPa.  IJpon  unloading,  the 
residual  strain  in  all  specimens  was  0.0035.  Using  Eguaticn  (24),  Ac 
was  0.0066,  and  the  resulting  Ao^  was  545  ME%i.  Ihe  residual  stress  in 
the  alviminum  was  thus  516-545  or  -29  MPa  (-4.2  ksi,  ccnpressive) .  Ihis 
represents  a  change  in  the  residual  stress  in  the  aluminum  of  -100  MPa 
(-14.5  ksi). 
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The  resulting  true  stresses  in  the  aluodrua  layers  under  various 
fatigue  loeds  are  shewn  in  Table  XVI  and  in  Figures  65,  66,  and  67. 
From  these  figures,  and  by  ocxDparing  the  data  in  Table  XVI  to  that  in 
Table  XIV,  the  effect  of  post-stretching  can  clearly  be  e^ipreciated. 
Ihe  saxistim,  miniinum,  and  mean  loads  are  all  reduced  by  100  HBa;  the 
load  range  remains  the  same.  However,  as  shown  in  the  Table  and  in 
Figure  67,  the  R  ratio  is  reduced  to  well  below  the  nomined  0.1.  Ihe 
true  aluminum  R  ratio  is  the  lowest,  -0.151,  at  the  lowest  stress 
levels,  and  increases  to  0.020  at  hi^ier  stresses.  Ihus  below  a  maxixnum 
stress  of  about  220  MFa,  the  aluminum  layers  are  actuedly  es^jeriencing 
tensiotyoenpression  fatigue  cycling. 

Recall  that  without  post-stretching,  the  R  ratio  in  the  aliMinum 
was  higher  than  the  nominal  0.1  due  to  1he  residual  tensicn  in  the 
alimdnum.  After  post-stretching,  the  R  ratio  is  reduced  because  the 
residual  stress  in  the  aluminum  layers  is  oenpressive.  The  lower  R 
ratio  represents  more  severe  fatigue  conditions  than  without  post¬ 
stretching;  however,  the  mean  and  maxiiium  stresses  are  much  lower.  The 
latter  condition  was  expected  to  have  the  greater  influence  cn  fatigue 
life,  and  in  fact  this  was  found  to  be  the  case. 

Due  to  the  limited  nunber  of  specimens  available  for  post- 
stretched  fatigue  testing,  tests  were  run  only  at  207  MRa  (SOksi) 
nominal  Tnaviwtim  stress.  Figure  68  shews  the  data  from  Figure  43  with 
the  ”207  MPa  Post-Stretched”  data  added.  The  uprovement  in  fatigue 
life  is  imooediately  eppaxent.  By  the  use  of  a  exude  post-stretching 
treatment,  the  fatigue  crack  initiation  life  of  the  laminate  at  the  same 
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nanirwl  stress  was  increased  by  a  fac±or  of  at  least  50.  The  fatigue 
curves  axe  relatively  flat,  however,  and  so  the  10^  cycle  run-out  stress 
Increased  only  about  34  (  5  ksi),  ocn{)ared  to  the  estimated  100 

decrecise  in  true  stress  in  the  aluminum.  In  other  words,  the  actual 
effect  of  the  post-stretching  was  only  about  one  third  the  e3^)ected 
effect.  This  can  probably  be  attributed  to  uneven  stretching  due  to  the 
crudely  controlled  post-stretching  procedure  employed.  Even  so,  the 
improvement  is  substantial.  By  using  a  carefully  controlled  stretching 
procedure  such  as  that  perfected  for  AR2^,  [1^8,109]  there  is  no  reason 
vdiy  a  comparable  or  better  level  of  fatigue  resistance  can  not  be 
guaranteed  in  standard  producticmi  nsis  of  the  hi^  temperature  laminate. 

6.5.  Dynamic  Mechanical  Tests. 

As  expected,  the  tan£  values  measured  for  the  U-25  ocnposites  and 
the  8009/U25  laminates  were  hicher  than  those  for  2024  and  8009 
aluminum.  The  presence  of  a  non-crystalline  polymer  in  the  laminate 
guarantees  that  tan5  will  be  greater.  The  amount  of  polymer  present  is 
relatively  small,  and  its  elastic  moduliis  is  very  low  ocnpared  to  the 
cduminum  and  fibers.  Therefore,  the  effect  of  the  polymer  in  the 
longitudinal  direction,  where  isostrain  ocmiditions  prevail,  is 
relatively  small.  On  the  other  hand,  if  the  laminate  could  be  tested  in 
the  thidkness  direction,  the  effect  of  the  polymer  and  thus  the  vcdue  of 
tan£  would  be  much  greater  due  to  the  isostress  conditions  vhich  would 
prevail  in  that  directioi.  In  the  transverse  direction,  tan£  values 
would  be  intermediate  between  those  in  the  other  two  directions  because 
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of  the  isostxess  oonlitions  ecisting  between  the  polymers  and  fibers. 

this  suggests  that  while  the  laminate  would  have  si9)erior 
vibration  damping  characteristics  ocnpared  to  monolithic  aluminum,  its 
damping  ability  would  be  the  greatest  for  vibrations  passing  thrcu^  its 
thicdcness  direction,  e.g.  sound  waves.  Applications  such  as  engine 
shrouds  and  firewalls  therefore  seem  ideal  for  the  laminate  traa  a 
damping  point  of  view. 

Ihe  large  peak  in  tan5  in  the  composite  and  laminate  qecimens  is 
the  QE-transition  peak,  i.e.  the  glass  transition  peak.  The  tan£  peaks 
vari  from  220*  to  280*C,  d^ending  on  the  test  oonditions;  most  were 
&em  240*  to  275*C,  sanehhat  hicher  than  U-25's  advia±ised  233* 
transition  temperature.  It  is  not  known  \ihether  the  difference  is  due 
to  test  frequency  effects  or  soaoe  chemical  or  processing  factor.  It  was 
clearly  sem:),  however,  that  successive  tests  on  the  same  qaecimen  caused 
an  increase  in  the  Tg  of  about  20*C.  This  is  nest  likely  due  to  the 
occurrence  of  some  cross-linking  in  the  ideally  linear  polymer  with 
repeated  heating, 

It  was  also  noted  that  the  storage  modulus  of  the  laminates 
decreased  upon  laoisture  eaposure,  and  then  increased  gradually  with 
repeated  heating  until  they  returned  to  their  origincil  level.  Ihis  is 
probably  a  result  of  the  absorpticmi  of  a  small  amount  of  moisture  by  the 
polymer  matrix;  this  would  decrease  the  stiffiiess  of  the  polymer, 
allowing  matrix  shear  vhich  would  reduce  the  elastic  oentributien  of  the 
glass  fibers.  Upon  heating,  the  moisture  is  driven  off,  and  the 
stiffness  of  the  polymer  is  restored  to  its  original  level. 
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6.6.  Chemical  Beaistanoe  Tests. 

Due  to  the  large  variation  in  bend  strength  of  the  As  Processed 
laminate  specixnmis,  no  accurate  assessmmit  can  be  made  of  the  effects  of 
chemical  environnents  on  the  laminate.  Methanol  and  jet  fuel  had  no 
disoemable  effect  on  bend  strength;  methyl  ethyl  ketone  e^peais  to  have 
heKi  a  slic^  effect,  as  did  the  paint  stripper.  The  latter  was  an  Exxon 
product  cont2dning  "solvent  G",  and  was  based  on  arcnatic  hydrocaibcns 
with  a  flashpoint  of  150*F.  It  is  worth  noting  that  cdl  paint  strippers 
used  by  the  U.S.  Navy  are  screened  to  eliminate  those  which  attack 
polyimides.  [110]  The  apparently  good  bond  strmigth  retention  after  salt 
fog  +  SO2  esqxssure  is  enoouraging,  e^)ecicdly  considering  the 
relkatively  severe  pitting  and  oorrosicn  in  the  outer  aluminum  layers. 

Overall,  the  chemical  resistance  of  the  laminate  is  excellent. 
Sealing  the  edges  would  still  be  advisedole,  hcwever,  as  one  can  never  be 
certain  vhat  types  of  envirannental  attack  micht  be  encountered  over 
years  of  service.  Of  special  oonoem  would  be  the  effects  of  long-term 
environmental  exposure  aoocRpanying  cyclic  loading  of  the  laminate, 
which  oGuld  cause  delamination  at  the  edges  of  the  laminate  sheet. 
Sealing  the  edges  would  help  prevent  this  &cm  occurring,  resulting  in  a 
level  of  aivircininental  resistance  essentially  equal  to  that  of  the  ipgtai 
layers  in  the  la'xinate. 
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7.0.  somior 


7.1.  8009/025  LBodnates. 

Ihe  major  problem  aioountered  vdth  this  laminate  system  is  the 
zelatively  high  level  of  trapped  gases  in  the  cured  panels.  The 
resulting  porosity  is  unguestiona^y  detrimental  to  the  l2p  shear 
stxengUi  and  peel  strength  of  tiie  pcdymer/aluminum  bond,  and  probably 
detracts  from  the  fotigue  resistance  of  the  laminate  as  well.  This 
problem  can  probably  be  alleviated  by  using  a  thick  cover  plate  to 
insure  that  ttiB  aluminum  sheets  in  the  laminate  remain  perfectly  flat 
during  processing,  and  that  the  edges  do  hot  pinch  together. 

In  general,  the  bond  strength  achieved  was  acceptable,  e^)ecially 
considering  the  siiqple  surface  preparations  used  and  the  relatively 
dirty  manner  in  vhich  the  panels  were  handled  prior  to  curing.  Ihe  bond 
strength  can  probably  be  inproved  slichtly  by  isproving  the  cleanliness 
of  the  precure  handling. 

Ihe  mechanical  properties  of  the  laminate  were  generally  very 
good.  Ihe  fatigue  resistance  and  strength  were  not  as  good  as  those  for 
ARAIL,  but  the  8009/U25  properties  are  stable  to  hi^ier  temperatures. 
Post-stretching  was  found  to  improve  the  yield  strength  and  fatigue 
resistance  of  the  laminate. 

7.2.  impUeations  for  Future  High  TeBperatuze  Laminates. 

Based  on  the  results  obtciined  in  this  research,  it  appears  that 
hi^  taiperature  laminates  (HUs)  based  c»  polyimides  (particularly  the 
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themcplastic  variety)  hold  considerable  prondse  for  future  U.S.  Naval 
edrcraft  e^splications.  While  the  laminate  system  studied  has  an  vqpper 
use  tesperature  of  only  about  210*C  or  slightly  hi^ier,  it  is  believed 
that  it  provides  a  good  representation  of  the  procsessing  charaicteristics 
and  potential  properties  of  future  laminate  systems  with  hi^ier  use 
tenperatures. 

Ihe  elimination  of  volatiles  and  trapped  gases  will  probably  be 
the  biggest  obstacle  to  the  development  of  laminates  for  hi^ier 
tenperatuxe  epplications,  especially  if  thermosetting  polymers  are  used 
(recall  from  Tedsle  VI  that  anoeng  the  currently  envisioned  polymer 
systems  the  themosets  have  the  hi^iest  use  tenperatures) .  It  appears 
that  future  hi^  tenperature  laminates  can  be  fabricated  using 
sisplified  and  environmentally  saife  surface  preparation  technigiies. 
Ihis  will  help  reduce  fabrication  costs  and  inprove  the  xepairability 
characteristics  of  the  laminates. 

the  laminate  system  studied  here  has  several  limitations.  One  is 
the  poor  machin2±>ility  of  the  8009  aluminum.  Another  is  the  relatively 
low  yield  strength  and  modulus  vhich  results  from  the  use  of  glass 
fibers.  These  properties  could  be  increased  dramatically  in  future  HTIs 
by  using  carbon  fibers.  Potential  properties  can  be  predicted  using  the 
equations  appearing  in  previous  sections  and  in  the  J^pendicies.  The 
xise  of  carbon  fibers  will  introduce  several  other  problems,  however. 
For  instance,  there  is  the  possibility  of  galvanic  oorxosicn  if  hi^ 
temperature  eduminum  is  retained.  In  addition,  the  difference  in  CIE  is 
substantially  larger  for  aluminun/carbon  than  for  aluminunv'glass,  and 
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the  result  will  be  greatly  increased  residual  tensile  stresses  in  the 
aluminom.  Calculations  reveal  that  these  stresses  nay  be  hi^  enough  to 
cause  fiber  buckling  or  shear  fedlure  at  the  polyner/taetal  interfaMse 
even  before  a  post-stretciiing  operation  can  be  performed.  Ihe  residual 
stresses  will  be  evai  hi^ier  if  hi^ier  processing  taqperatures  are 
required  for  curing. 

Because  of  the  problems  described  above,  it  is  likely  that  future 
laminates  for  e^lications  requiring  hi^  strength  and  stiffiiess  will 
probably  be  based  on  titanium  sheet  rather  than  aluminum.  Diis  will 
allow  the  use  of  very  hi^  modulus  carbon  fibers  without  excessive 
residual  stresses.  Ihe  hic^her  density  of  the  titanium  will  be  offset  to 
some  degree  by  the  low  density  of  the  fibers.  Overall  daisity  will  be 
significantly  lower  than  that  of  mcnolithic  titanium,  and  specific 
properties  will  be  better. 

Alumi nmVglass  HIIs  will  prove  useful  for  many  applications, 
e^aecially  vhere  intermediate  strength  levels,  li^t  wei^t,  and  good 
danping  characteristics  are  required.  Iheir  damage  tolerance,  bum- 
throu^  and  lic^itning-strike  resistance,  and  fatigue  resistance  are  also 
si^erior  to  monolithic  metals.  Ihere  is  a  wide  variety  of  potentially 
useful  meted/polymer/fiber  ocohinations,  and  the  selection  of  these 
oooponents  will  d^iend  primarily  on  the  ^plications  for  vhich  the 
laminate  is  intended.  The  metal/fiber  laminate  concept  has  been  well 
proven  at  low  tenperatuies  by  ARAIIi  and  Glare,  and  this  research  has 
proven  that  hi^  taiperature  laminates  are  premising  as  well. 
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8.0.  OOHCLnSTOMB 

Ihe  ocnclusions  drawn  frcn  this  research  are  as  follcws: 

1)  Adequate  netal/polymer  bend  strength  was  obtained  using  sinplified 
and  enuixGnnent2dd.y  safe  aluminum  surface  preparation  techniques.  Ihis 
can  probably  be  iapiroved  by  ispreving  the  cleanliness  of  the  procedure. 

2)  The  bond  strength  between  8009  aliminum  and  the  polymer  prepreg  can 
be  reasonably  represented  ixsing  clad  2024. 

3)  Ihe  lade  of  a  cover  plate  during  processing  resulted  in  high  levels 
of  trapped  gases  in  the  cured  laminate  panels. 

4)  Good  tensile  and  fatigue  properties  were  obtained  with  the  8009/U25 
laminate  system. 

5)  Post-stretching  can  substantially  increase  both  the  yield  strength 
and  fatigue  resistance  of  high  temperature  fiber/metal  laminates. 

6)  The  methods  and  equations  xised  to  predict  the  mechanical  properties 
of  the  laminate  were  generally  very  accurate. 

7)  The  techniques  described  herein  provide  a  useful  basis  for  the 
development  of  laminate  systems  for  use  at  temperatures  over  300*C. 
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tabus  I. 

ARMI?  VSarlantsJ^^®^^ 


Variant 

Alloy 

CXae 

Tap. 

Stretdied 

ABAUi-l 

7075-T6 

121*C 

Yes 

ABAIlr>2 

2024-T3 

121*C 

No 

ABAIIr-3 

7475-T76 

121*C 

Yes 

ARALL-4 

2024-T8 

176‘C 

No 

table  n. 

dare^  Variaxtts. 


Variant 

Alloy 

Fiber 

Direction 

Stretched 

61are-l 

7075-T6 

0* 

Yes 

Glare-2 

2024-T3 

0* 

No 

Glare-3 

2024-T3 

0* (50%) 

90* (50%) 

NO 

Glare-4 

2024-T3 

0* (70%) 

90* (30%) 

No 
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•OEIE  m. 

Fotsns  of  Environoental  Attack 


Metals:  Ooddaticn 

Liquid  Oorrosion 
Radiation  Effects 


Cexasnics*:  OoddatiotyRediiction 
liquid  Oorrosion 
Radiation  Effects 


PolyDers:  Oxidation 

Moisture  Absorptioi 
Radiation  Effects 
Solvoits 


Environment  Assisted  Cracking  (stress 
oorrosion,  oorxosion  fatique, 
liqui(V9asecus  eBfcrittleomt) 


Orvironnent  Assisted  Cracking 

Thermal  Shock 

Erosion 


Qivixonment  Assisted  Cracking 
Thermal  instability 
'  Ultraviolet  Li^it  Degradation 
Erosion 


Ocoposite  Materials:  All  of  the  above  Gedvanic  Oorxosion 

Thermal  Fatigue  Boandline  Oorrosion 


*-  includes  ceramics,  intermetallics,  and  covcdent  materials. 
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raSLB  T7. 

Cemdidate  Metals  for  Hic^  Tacperature  laminates. 


Metal 

Temp. 

CO 

Strength 
&  Modulus 

Alum-irami 

8009 

370 

good 

riJ78 

350 

good 

Ti 

350 

good 

Titanitan; 

Rire 

N.A. 

poor 

6Al-4V(g) 

400 

excellent 

(aged) 

400 

good 

6Al-6V>2Sn 

400 

excellent 

low  alloy 

350 

excellent 

Ni-steels 

800 

excellent 

Others: 

Be-Al* 

315 

excellent 

Fatigue/ 


Toughness 

Envir. 

Oost 

Dmis. 

fair 

good 

poor 

2.9 

fedr 

good 

poor 

3.0 

fadr 

excellent 

poor 

2.8 

excell^it 

excellent 

good 

4.5 

fpod 

excellent 

good 

4.5 

excellent 

excellent 

good 

4.5 

good 

good 

? 

4.6 

good 

good 

ex. 

7.5 

excellent 

excellent 

good 

8.5 

goot^fair 

good 

poor 

2-2.2 

*  ->  Berylliun  allo^  have  a  severe  toxicity  problem  vbich  is  also  a 
major  issue  in  their  use. 
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nffiUB  V. 

candidate  Fibers  for  Hi^  Taiperature  laminates. 


Fiber 

Strencfth 

Modulus 

Oaopatability 

%d.th 

Metals  Elongation 

C306t 

Dens. 

S  Glass 

excellent 

poor 

good 

excellent 

ex. 

2.5 

Astroqoartz  excellent 

poor 

good 

excellent 

poor 

2.2 

carbon: 

lev  Hodultis  (AS-4,  IM-6,  T700,  etc) 

excellent 

good 

fair 

good 

good 

1.8 

High  Modulus  (P-75,  P-100,  etc.) 

good 

excell^fit 

fair 

poor 

good 

2.0 

Alumina: 

FP 

good 

good 

excellent 

poor 

poor 

3.9 

Nextel  440 

good 

good 

excellent 

fair 

poor 

3.1 

sil  icon  Cai+iidA! 

SCS-2,  -6 

excellent 

excellent 

good 

poor 

poor 

3.0 

Nicalcn 

good 

good 

excellent 

good 

poor 

2.5 

Boron 

excellent 

excellent 

excellent 

poor 

poor 

2.5 
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TiBSE  VI. 


Candidate  Pol; 
Laminates. 


iture 


Tai|)erature  Vditile  Cosy 

Polyner  Csqpability  Toughness  Toodcily  Oontoit  Avail. 


RfR>15 

340*C 

fair 

poor 

moderate 

poor 

AfK-700 

>370*C 

fair 

poor 

moderate 

poor 

caiial 

230-290*C 

poor 

good 

lew 

good 

IARC-RP46 

>370*C 

fair 

fedr/^oor 

moderate 

ex. 

PT 

>370*C 

poor 

'  excellent 

low 

good 

Ihempplastics: 


lP-25 

245*C 

good 

good 

lew 

poor 

lARC-TPI 

250*C 

good 

good 

lew 

poor 

New  IFI 

-> 

« 

good 

good 

lew 

poor 

lARocra 

*> 

« 

good 

good 

lew 

poor 

AvamidrK 

240-280’C 

exoellent 

poor 

moderate 

poor 

Avamid-N 

350*C 

good 

poor 

moderate 

poor 

ICEK  (cxyst.) 

>300*C 

exoellent 

eeoellait 

lew 

good 

Badel  C 

260’C 

exoellent 

good 

lew 

fair 

Torlon 

275*C 

exoellent 

good 

lew 

good 
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TIBIE  vn. 

Aluminum  Surface  Treatments. 


Surface 

Treatment 

Shear 

Roller  Peel 
2024  8009 

Tensile 

Fatic^ 

untreated  (Cleaned) 

yes 

yes 

yes 

no 

yes 

Untreated  (Dirty) 

no 

yes 

no 

no 

no 

Dry  Alumina  Grit 

yes 

yes 

yes 

no 

yes 

Blasted 

Wet  Alumina  Grit 

yes 

yes 

'  no 

no 

no 

Blasted 

Glass  Bead  Blasted 

yes 

yes 

no 

no 

no 

SootdbrBrite  Abraded 

yes 

yes 

no 

no 

IX> 

(±45*) 

Chrcmic  Acid  Anodized 

yes 

yes 

no 

no 

no 

Oircniic  plus  ER-35 

yes 

yes 

no 

no 

no 

E^imed 

Rioephorlc  Acid  A»3d. 

y^ 

yes 

yes 

yes 

yes 

131 


NAWCADWAR-93079-60 


TABLE  Vm. 

Chemical  Ehvircniaaits  Tested. 


Duration  of 


BivironDent 

CSonditions 

E)posuxe 

As  ITooessed 

• 

Methanol 

100%,  anbient  teip. 

1  we^ 

Methyl  Ethyl  Ketone 

100%,  ambient  tenp. 

1  wedc 

JetIVjel  (JP-5) 

100%,  ambient  temp. 

1  we^ 

Aircraft  Kdnt  Stpipper  100%,  ambient  temp. 

1  we^ 

Salt  Fog  +  SOj* 

95*F,  95-98%  R.H. 

6  days 

*  •*  SO^  gas  was  injected  for  1  hour  every  6  hours,  at  a  rate  of  1  ca? 
per  minute  per  ft^  of  box  volume. 
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T»BZ£  XX. 

Tensile  Kqpertles  of  8009  Aluniiun 


Test  Teop. 
CC) 

Condition 

Yield 

Strength 

®yL 

Ultimate 
Strength 
ffuL  (1®^) 

Elastic 
Modulus 
El  (GPa) 

Failure 

Strain 

(%) 

-56 

As  Received 

557 

645 

86.2* 

2.4 

343*C  X  2  hrs 

566 

669 

86.2* 

1.6 

20 

As  Received 

452 

472 

76.8 

12.1 

343*C  X  2  hrs 

516 

551 

82.6 

3.9 

343*C  X  24hrs 

476 

.553 

83.8 

4.5 

150 

As  Received 

340 

373 

3.4 

343*C  X  2  hrs 

410 

421 

1.8 

204 

As  Received 

315 

328 

70 

*6 

343*C  X  2  hrs 

356 

356 

79 

»3-4 

250 

As  Received 

266 

281 

66 

*5-6 

343*C  X  2  hrs 

295 

295 

74 

»4-5 

*  -  Estimated  ftcn  8009AI25  laminate  stxoike/stxain  data  at  -56  and 
20*C. 
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TABLE  Z. 

Tensile  Properties  of  8009/U25  laminates 


Test  Tenp. 
(•C) 

Yield 
Strength 
OyL  (Mte) 

Ultimate 

Strength 

OuL 

Elastic 

Modultis 

El  (GPa) 

Secondary 
Modulvis 
E'l  (GPa) 

Strain  to 
Failure 
(%) 

•^6 

467 

599 

66  5* 

ssa2 

1.7 

20 

364 

584 

64.3 

8.2 

3.4 

150 

362 

536 

— 

— 

204 

312 

493 

— 

— 

aa-2.5 

250 

246 

405 

— 

— 

«2-2.5 

20*C  (theoretical) 

Max 

346 

935 

64.3 

12.0 

3.4 

No  *^res 

401 

935 

64.3 

12.0 

3.4 

20*C:  Post-Stretching 

mitied 

358 

— 

63.6 

7.4 

— 

Stretched 

490 

567 

66.8 

6.9 

2.1 

(6=1.41%) 


*  >  Estimated  front  stroike/strain  data  at  20*C. 


134 


NAWCADWAR-93079^ 


TMSIS  n. 

3-Point  Bend  Results. 


^)eci2aen  f^ironment 


Max.  Load 
(ite) 


B-l 

As  Procsessed 

76 

B-2 

As  Processed 

56 

B-3 

As  Processed 

56 

B-4 

As  Processed 

91 

B-5 

100%  Methanol,  1  vieeGc 

56 

B-6 

100%  Methanol,  I'wedc 

61 

B-7 

100%  MEK,  1  week 

50 

B-8 

100%  HEK,  1  week 

49 

B-9 

100%  JP-5,  1  wedc 

82 

B-10 

100%  JP-5,  1  wedc 

68 

B-n 

100%  Paint  Stripper,  1  wedc 

47 

B-12 

100%  I^int  Stripper,  1  wedc 

56 

B-13 

Salt  Fog  +  SO2 

80 

B-13 

Salt  Pog  +  SO2 
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WOE  xn. 

Fiber  Stress  as  a  Ftnctlon  of  Delandnatiai  Length 
in  8009/U25  Tensile  S^inens  vfpan  Aluminm  Le^er  Failure 

h  «^uL"gyL)  1 

(1iV2/Ei)  +  I2/E2 


I1  +  I2 


A1 


(<^3L“"yL)/E'L 


Oyr  ®  365  MRa 
«  584  MPa 


Er  »  64.3  GPa 
=  8.2  GPa 

1q  =  106.8  ran 


88.9  GPa 
0.135 


Ol  =  a2Vf 


Al  s  3.46  ran 


Delaminated  undelaminated 
Length,  I2  (ran)  Length,  1^  (ran) 


Stress  in 
Bridging  Fibers 
O2  (MPa) 


Stress  in 
InAact  Segt. 
(MPa) 


0 

106.8 

4332 

584 

0.1 

106.7 

4324 

583 

1 

105.8 

4262 

575 

2 

104.8 

4197 

567 

5 

101.8 

4029 

544 

10 

96.8 

3815 

515 

20 

86.8 

3530 

477 

50 

56.8 

3134 

423 

100 

6.8 

2898 

391 

106.8 

0 

2880 

— 

Theoretical  Strength  of  Fibers  »  4585  MPa 
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TABLE  Xm. 

Tensile  Frstftuxe  Energies 

Test 


Tenp. 

(•C) 

Maberiel/ 

Oondition 

Fracture  Ehergy 
(Mn) 

Trac,  Hievgy  per 
Unit  Area 

-56 

8009  As  Received 

3.96 

1.17 

343*C  X  2  hrs 

1.33 

0.39 

8009/U25 

15.44 

0.80 

20  8009  As  Received 

6.20 

1.89 

343*C  X  2  hrs 

3.23 

0.99 

343*C  X  24hrs 

.  3.04 

0.93 

U-25  Actual  (poorly 

8.12 

1.72 

gripped) 

Theoretical 

45.13 

9.55 

8009/U25  As  Processed 

32.19 

1.51 

Stretched  (Net) 

26.90 

1.30 

Stretched  (Total) 

36.86 

1.78 

150 

8009  As  Received 

343*C  X  2  hrs 

8009/U25 

4.12 

1.79 

15.98 

1.25 

0.55 

0.98 

204 

8009  As  Received 

6.18 

1.88 

343*C  X  2  hrs 

3.88 

1.18 

8009/U25 

25.02 

1.51 

250 

8009  As  Received 

4.26 

1.29 

343*C  X  2  hrs 

4.15 

1.26 

8009/U25 

31.13 

1.48 
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nffiU  XIV. 

True  Stress  Range  and  Hean  Stress  in  Aluminm  during  Fatigue, 
and  Associated  fatigue  Rarameters 


True  Stress  in  Aluminum  (ME^) 


Mondnal  Stress 

(MBa;^ 

No  Residual  Stress 

Kax.  Resid. 

Stress 

o^(ma30nin) 

^’inean 

^A1 

^^nean 

‘^Al 

^mean 

276  /  27.6 

151.8 

354/35.4 

194.9 

425/106.4 

265.7 

241  /  24.1 

132.7 

310/31.0 

.  170.6 

383/102.0 

241.5 

207  /  20.7 

113.8 

266/26.6 

146.2 

337/97.6 

217.3 

172  /  17.2 

94.8 

222/22.2 

121.8 

293/93.2 

192.9 

138  /  13.8 

75.8 

177/17.7 

97.5 

248/88.7 

168.4 

103  /  10.3 

56.9 

133/13.3 

73.1 

204/84.3 

144.1 

Based  cn  True  Stress  in  Aluminum 

Based  on 


Ncolinal  Stress  (ME^) 

No  Residual  Stress 

Max.  Etesid. 

Stress 

aL(nax) 

bJ3 

R  ratio 

bP 

R  ratio 

bo 

R  ratio 

276 

248.2 

0.1 

319.0 

0.1 

319.0 

0.250 

241 

217.2 

0.1 

279.1 

0.1 

279.1 

0.268 

207 

186.2 

0.1 

239.2 

0.1 

239.2 

0.290 

172 

155.1 

0.1 

199.4 

0.1 

199.4 

0.319 

138 

124.1 

0.1 

159.5 

0.1 

159.5 

0.357 

103 

93.1 

0.1 

119.6 

0.1 

119.6 

0.413 
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TABLE  XV. 

Residual  Strength  of  Fatigued  Laminate  Specimens 


NcnineQ. 

Fatigue 

Stress 

(MPa) 

Residual 

Al  (Sin) 

Delam.  Laigth  1  (m) 

First 

F^dlure 

Final 

Failure 

First 

Failure 

Final 

Failure 

Strength 

(N) 

Avg. 

276/27.6 

3905 

1.03 

3.12 

20.1 

60.7 

40.4 

2908 

0.99 

3.05 

19.0 

59.2 

39.1 

471 

0 

1.38 

2.31 

26.8 

44.7 

35.8 

(38.4) 

241/24.1 

3471 

0.86 

2.74 

16.7 

53.4 

35.0 

1146 

0.97 

1.78 

18.8 

34.6 

26.7 

(30.9) 

207/20.7 

3873 

1.77 

3.00 

34.3 

58.2 

46.2 

2817 

0.85 

2.54 

16.5 

49.3 

32.9 

2314 

1.10 

1.68 

21.3 

32.5 

26.9 

2286 

1.10 

2.82 

21.3 

54.6 

38.0 

1202 

1.07 

1.89 

20.8 

36.7 

28.8 

1137 

1.51 

2.08 

29.2 

40.4 

34.8 

(34.6) 

172/17.2 

736 

1.09 

1.53 

21.2 

29.5 

25.4 
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TKBtE  XVX. 

^teue  Stresses  and  Fatigue  Parameters  in  Aluminum  dLodng  Fatigue 
in  Post-Stretched  Ifoninate  ^)eci]Dens 


True  Stress  in  Aluminum  oj^  (MFS) 
Post-Stretched 


Ncminal  Stress 

(MPa) 

No  Residual  Stress 

®resAl  *  “ 

>29  MPa 

ajJjBax/TBdjn) 

^’mean 

<^A1 

^mean 

‘^Al 

^mean 

276  /  27.6 

151.8 

354/35.4 

194.9 

325/6.4 

165.7 

241  /  24.1 

132.7 

310/31.0 

'  170.6 

281/2.0 

141.5 

207  /  20.7 

113.8 

266/26.6 

146.2 

237/-2.4 

U7.3 

172  /  17.2 

94.8 

222/22.2 

121.8 

193/-6.8 

92.9 

138  /  13.8 

75.8 

177/17.7 

97.5 

148/-11.3 

68.4 

103  /  10.3 

56.9 

133/13.3 

73.1 

104/-15.7 

44.1 

Based  on  True  Stress  in  Aluminum 


Based  on  Post-Stretched 

Nominal  Stress  (MPa)  [  Wo  Residual  Stress  |  =  -29  MPa 


<7L(max) 

Aa 

R  ratio 

AO 

R  ratio 

AO 

R  ratio 

276 

248.2 

0.1 

319.0 

0.1 

319.0 

0.020 

241 

217.2 

0.1 

279.1 

0.1 

279.1 

0.007 

207 

186.2 

0.1 

239.2 

0.1 

239.2 

-0.010 

172 

155.1 

0.1 

199.4 

0.1 

199.4 

-0.035 

138 

124.1 

0.1 

159.5 

0.1 

159.5 

-0.076 

103 

93.1 

0.1 

119.6 

0.1 

119.6 

-0.151 
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PIGORES 
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Aramid/Epoxy 


Figure  1.  vie*:  of  raminate. 
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Material 


•  -  PMt-Strstelied  0.6% 


Figure  2.  Tensile  Properties  of  ARAUj  and  Glare  Laminates 
vs.  2024  Aluminum.  (NAWC) 
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Half  crack  length,  a  (In.) 
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Number  of  simulated  flights  (thousands) 
(Oash  8  lower  wing  spectrum) 


Figure  3.  Fatigue  Properties  of  AFALL  laminates 
vs.  2024  Aluminum. 
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Half  crack  length,  a  (mm) 
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Figure  4. 


Fakloer  F-27  Wing  made  fixn  ARALL. 


[9] 
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Polyiner  Melt 


a 


Figure  7. 


b 


Wetting  of  Surfaces  by  a  Viscoelastic  Polyiner: 
(a)  Atcndcally  Smooth  Surface.  J 
(b)  Atonlcally  Eouc^  Surface. 


Figure  8.  Stress-Strain  Diagram  for  ARALL-4.  (NAWC) 
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Figure  1  fttigue  Crack  Growth  Behavior,  AR  ALL  1 
Laminate  vs.  7075-T6  Aluminum  Sheet 


1  2  4  6  8  10  20  40 

STRESS  INTENSITY  FACTOR  RANGE,  AK  (ksi  >/ln.) 


Figure  11. 


Fatigue  CracJc  Growth  Bdavior  of  ARALL. 


[64] 
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Figure  12.  Deleanination  in  Laminates  During  Fatigue: 
(a)  Strong  Interlaminar  Bond. 

(b)  Weak  Interlaminar  Bond. 
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(a) 


(to) 


Figure  15.  Cyclic  Stress-Strain  Re^xjnse; 
(a)  Perfectly  Elastic  ^bterial. 

(b)  Viscoelastic  Material. 


Figure  16.  Fatigue  Specimens  Used  for  S-N  Testing  of  8009  Aluminum  and 

8009/U25  laminates. 
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£  0 1: 500  100 U  S9£  4239c:  AMD 


(b) 

Figure  17.  SEM  Images  of  2024  Surface  Treatments. 

(a)  Untreated  (UT) 

(b)  Dry  Alumina  Grit  Blasted  (DA) 
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Figure  17  (cxsntinued) .  SEM  Iitages  of  2024  Surface  Treatments. 

(c)  Wet  Alumina  Grit  Blasted  (WA) 

(d)  Glass  Bead  Blasted  (GB) 


Figure  17  (cxjntinued) .  SEM  Images  of  2024  Surface  Treatments. 

(e)  Sootch-Brite  Abraded  (SB) 

(f)  Etiosphoric  Acid  Anodized  (PA) 
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Figure  17  (cxantinued) .  SEM  Images  of  2024  Surface  Treatments, 
(g)  Chromic  Acid  Anodized  (CA) 
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NAWCADWAR-93079-60 


^  0  K  '■/  1000  10 IJ  904  50592  hMD 


(d) 

Figure  18  (continued) .  SEM  Images  of  8009  Surface  Treatments. 

(c)  Wet  Alumina  Grit  Blasted  (WA) 

(d)  Glass  Bead  Blasted  (GB) 
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(f) 


Figure  18  (continued) .  SIM  Images  of  8009  Surface  Treatments. 

(e)  Scotch-Brite  Abraded  (SB) 

(f)  Ftiosphoric  Acid  Anodized  (PA) 
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Figure  18  (ccjntinued) .  SEM  Iroages  of  8009  Surface  Treatments, 
(g)  Dry  Alumina  +  Eho^iioric  (DAPA) 
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Figure  19.  ^^jearanoe  of  a  CXired  8009/U25  laminate  Panel  (3/2  ply) 


Figure  20.  Optical  Cross-Secticai  of  an  8009/U25  laminate 
(3/2  ply.  Fiber  Direction) . 
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Figure  21.  iJ^pearanoe  of  a  Cured  U-25  Qxnposite  Pai>el  (5^1y  X  0°) 


Figure  22.  Optical  Cross-Section  of  a  U-25  Composite 
(5-ply  X  0°,  Fiber  Direction) . 
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OA  WA  GB  SB  CA 

Surface  Treatment 


PA  DAPA 


Figure  24.  Effec±s  of  Surface  Treatment  on  Shear  Strength 

(Wet  C3ondition) 
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Figure  25.  Macroscxpic  Fhotograpiis  of  2024/U25  Shear  Failures 
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(b) 


Figure  26.  SEM  Iitages  of  2024Af25  Shear  Failures. 

(a)  Dry  Alumina  Blasted  (DA) 

(b)  Chromic  Acid  Anodized  (CA) 
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Figure  26.  SEM  Images  of  2024/U25  Shear  Failiores. 

(c)  Phosphoric  Acid  Anodized  (PA) 

(d)  Dry  Alumina  +  Phosphoric  (DAPA) 
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(b) 


Figure  27.  ARALL-4  Shear  Failures. 

(a)  Macroscopic 
(b)  SEM  Image 
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36- 
30- 
26- 
20- 
16  - 
10  - 
6- 
0  - 

U-26.CA  PEEK.CA  PEEK.CP  LARC-TPl.CP  ARALL-4 

Laminate/Surface  Treatment 


33.88 


CA  ■  Chromic  Aold  AnodlMd. 
CP  ■  AnodlMd  *  BR36-Priin«d. 


Figure  28.  Shear  Strength  of  Various  laminates. 
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Condition 


Wot  Condition 


P  500 


Surface  Treatment 


•-  Ectlmatcd 


Figure  30.  Wet  vs.  Dry  Peel  Strength  of  2024/U25  lanojiates 
(Incorrectly  Processed,  Clad  2024) . 


400 


Em  Clad  Surface 
^9  Bara  Surface  580 


UT(C)  UT(0)  OA  MM  on  SB  CA  m 

Surface  Treatment 


Figure  31.  Effects  of  Surface  Treatment  on  Peel  Strength  of 
2024/U25  laminates  (Correctly  Processed,  Dry  Condition) 


A 
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[m  C.P.*.  Dry 

Ruined.  Dry 

2 

Ruined.  Wet 

Surface  Treatment 


Correctly  ProoMOOd 


[H]  Corrootly  Prooaaaod 

Rulnad.  Dry 

Rulnad.  Wat 

460  * 


•-  Estimatod 
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Figure  32.  Effects  of  Moisture  and  Processing  on  Peel  Strength  of 
2024/U25  laminates  (dad  2024) 

(a)  Mechanical  Surface  Treatments 
(b)  Chemical  Surface  Treatments 
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Figure  33.  Peel  Strength  of  Varicws  Laminates. 
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(b) 


Figure  34.  SEM  Images  of  2024/U25  Peel  Failures 
(Correctly  Processed) . 

(a)  OT  (b)  DA 
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Figure  34  (c) . 


SEM  Images  of  2024/U25  PA  Peel  Failures 
(CJorrectly  Processed) . 
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Figure  35.  SEM  Images  of  ARALL-4  and  Glare 
Peel  Failures  (Correctly  Processed; . 


(d)  ARALD-4 


(e)  Glare 


Surface  Treatment 


Figure  36.  Peel  Strength  of  8009/U25  Lamirates 
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Surface  Treatment 


Figure  37.  Peel  Strength  of  8009/U25  vs.  2024/U25  Leaninates. 
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Figure  38.  SEM  Images  of  8009/U25  Peel  Failures, 
(a)  UT  (b)  DA 
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Figure  38(c).  SEM  liteges  of  8009/U25  Peel  Failures.  (PA) 
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Figure  39.  Tensile  Ercperties  of  8009  Aluminum  as  a  Function  of  343  *C 

Annealing  Time. 
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Figure  45.  Plot  for  8009  Alundnum. 
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Figure  46.  Plot  for  AElALL-4  laminate. 
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Figure  47.  IMA  Plot  for  U-25  Ocnposite  (Dry  Condition) . 
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Figure  49.  EMA  Plot  for  U-25  Ocn{X3site  {Transve»^  Direction,  Dry) 
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Figure  50.  EMA  Plot  for  8009/%J25  laminate 
(Longitudinal  Direction,  Dty) . 
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Figure  51.  EMA  Plot  for  8009/U25  Laminate 
(Transverse  Direction,  Dry). 
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Figure  52.  lypical  3-Poiiit  Bend  curves  for 
8009/U25  laminates. 
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8009  Aluminum 

A*  R«o«iu«d.  YWd 
-e-  As  n«c«iu«d.  UTS 
Proossssd.  Yisid 
PfOOSSSSd.  UTS 


Temperature,  C 


50  100  150  200  260  300 

Temperature,  C 


-  As  Rsc.  Modulus 

— As  Rec.  Elongation 

Processed  Modulue 

Processed  Elongation 

Figure  53.  Tensile  Properties  of  8009  Aluminum 

(a)  Yield  and  Ultimate  Strength. 

(b)  Modulus  and  Elongatian. 
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Figure  57.  LoadHDisplaoeaanent  Curve  for  -56*C  Tensile  Failvire 

of  8009/U25  Laminate. 


Figure  58.  Stress»Strain  Curve  for  Post-Stretching  and 
Subsequent  Tensile  Testing  of  8009/U25  Laminate. 
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Figure  59.  Tensile  Fractxize  Energies* vs.  Test  Tsnperature. 
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Figure  60.  Maxinua  Cyclic  Stress  in  Aluminum  Layers: 
8009/U25  Laminate  vs.  8009  Alxmdnum. 


Figure  61.  Mean  Cyclic  Stress  in  Aluminum  layers: 
8009/U25  Laminate  vs.  8009  Aluminum. 
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Figure  62.  Stress  Fange  and  R  Ratio  in  Mimdnum  Layers 
8009/U25  laminate  vs.  8009  Aluminum. 
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Figure  63.  S/N  Curves  for  8009/025  Laminate,  Corrected  for 
Tnie  Stress  in  the  Aluminum  layers. 


19- 


NAWCADWAR-93079-60 


0  60  100  160  200  260  30 

Nominal  Straaa  MPa 

Figure  67.  Effects  of  Post-Stretching  on  the  Stress  Range 
and  R  Ratio  in  the  Alisninum  layers 
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Figure  68.  Effects  of  Post-Stretching  on  Fatigue  Life: 

8009/U25  Laminates 
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8009/025  ladsatas 


Basidual  Btxess. 


A)  m  laiiBlxiiai  LByeis: 


^res.Al 


^  Em  Ef  Vf 
EmVm+  EfVf 


El=^mVm+  EfVf 
Ae  =  AT  +  Of) 


^res.M  °  t°M  ~  C%l%Vf)/%, 


(Ae  »  0.0046) 


*  E: 


El 


;M 


*#  v: 


“M 


AT  =  T_  -  20'C 
=  240*C  -  20‘C 
=  220*C 
=  64.2  GPa 
=  82.6  GPa 
=  88.9  GPa 


=  22.5  X10“5/*C 
=  1.6  X10”V*C 


®res.M  “  220  (22.5-1.6)xl0"®  (82. 6x88. 9x0. 135) /64. 2  GPa 


Otes.M  *  (tensile) 


B)  m  Fibers: 


Ef  E;^  El  -Exl^ai  +  EfVf 

^res.f 

^^M  EfVf  Ae  *  AT  (o^  +  Of) 


=>  ®^res.f  “  ^®M  ”  (EfE^V^)/EL  AT  -  220*C 

"  *  El  *  GPa 

*  Ej^T  ~  82.6  GPa 
Ef  -  88.9  GEe 

#  *  0.632 
O^  =  22.5  xio"y*c 
Of  *  1.6  X10“V*C 


^res.f  “  "220  (22.5-1.6)xl0"®  (88. 9x82. 6x0. 632 )/64. 2  GPa 


^res.f  “  "332.5  MPa  (Onpressive) 


*  -  Based  cn  es^)eri]nental  measureanents. 

#  =  Based  cn  a  ncndnal  laminate  thickness  of  1.47  nn  (0.058  in) . 
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APPaPDC  n;  8009/U25  Tawri nates  -  Yield  strength. 


A)  Assuming  Maadnua  Residual  Stress: 

^yL  “  (^yAl  “  ‘^res.AlJ  ^A1  “  ^f^res.f) 

a*f/Ef  *=  (<»Al‘^res.Al)/®Al  («  in  all  layers 

is  assiitned  equcd) 

—>  a*f  =  v«?Al“^res.Al)  %/®Al 

<yyL  “  <^yAl  “  ^res.Al)  YaI  <^yAl  “  ‘^res.Al) 

=>  gyL  °  <^yAl  ~  <^res.Al^  <%^Al)  3 


(a*f  =  478.9  MPa) 


*  ‘^vAl  “ 

t  vS^i^.632 

*#  Vf  =  0.135 

*  ~  82.6  GPa 
Ef  =  88.9  GE^ 


ayL=  (516  -  71)  [0.632  +  0.135  (88.9/82.6)) 


Oyjj  =  345.9  MPa 


B)  Assuning  No  Residual  Stress: 


^yL  “  ^‘VaI  "  ^res.AlJ  f^Al  ] 


(a*f  =  555.4  MKi) 


*  ^^Al  ~  516  MPa 

# 

*#  Vf  =  0.135 
*  =  82.6  GPa 

E^f  =  88.9  GPa 


ffyL  *  (516  -  0)  [0.632  +  0.135  (88.9/82.6)] 


^VL  ~  ^01«1  MPa 


*  =  Based  on  esqperiraental  neasurem^Tts. 

#  =  Based  on  a  noodjial  laminate  thickness  of  1.47  am  (0.058  in). 
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8009/D25  Tiami nates  -  mtinate  Stres^Tth. 


A)  Acoountiag  for  stress: 


‘^uL  f'^uAl  ”  <^res.Al)  Yja 


*  ^uAl  *  SOCMPa 

^res.Al  “ 

#  V^^%.622 

*  4585  MRa 
f  =^332.5  MBa 
*#  V;  =  6.135 


=  (500  -  71)X0.632  +  (4585  +  332.5)x0.135 


B)  Magleeting  Residual  Stress: 


‘^uL  ~  ‘^uAl  YaI  ■*■  o^uf  *  ^uAl  **  SOCMEN 

*  ^A1  “  0*®32 
Ojrf  =  4585  IfPdi 
*#  =  0.135 


a^L  =  (500  X  0.632)  +  (4585  X  0.135) 


UL 


935.0  MFSa 


*  *  Based  on  e)q)erjjnental  measurenEnts. 

#  *  Based  on  a  ncndnal  laminate  thicikness  of  1.47  mn  (0.058  in) . 
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jmi: 


8009/025  laminatos  -  Tensile  Elongation  Just  Prior  to 
Failure  of  the  Aluninum  layers. 


A1  =  el. 


®  ~  ^elastic  Aplastic 


Figure  Al.  Strain 
Distribution  Prior 
to  A1  Failure. 


1^  =  Effective  specimen  length 
A1  =  Change  in  specimen  length 
e  =  stredn 

*  OyL  =  laminate  yield  strength 

*  =  Laminate  IJIS 

*  Er  =  Laminate  Elastic  modulxjs 

*  E' L  =  Secondary  modulus  above 
the  aluminum  yield  point 


^yl/^L  +  (0^uL'^yL^/®*L 


*  »  Based  on  e}^)erimental  measurements  and  a  nominal  laminate 
thidcness  of  1.47  im  (0.058  in). 
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xptaarx  tvcb)?  8009/U25  T.jMi<T»irt-oa  -  Mnsile  ELongation  and  Stiass  in 
the  Fillers  Bridging  the  cracked  Aluninun  mnadiately 
After  Failure  of  the  Aluninun  layers. 

nl  =  ^2^2  ^2  ~  ^ 

^2  “  ®2/^ 


t 


Figure  A3.  Strain  Distribution 
after  Aluminum  layer  Failure. 


1  =  Effective  specimen  length 
1^  =  Effective  specimen  length 
away  fincm  delam.  zone 
±2  =  Length  of  the  delaminated 
zone 

*  al  =  aiange  in  specimen  length 

-  Strain  in  undelaminated 
part  of  the  ^lecimen 
62  =  Strain  in  fibers  in  the 
delaminated  zone 

*  Cyjj  =  laminate  yield  strength 

*  0^  =  laminate  UTS 

=  Stress  remaining  in  the 
undelaminated  part 
02  =  Stress  in  fibers  in  the 
delaminated  zone 

*  E+3^  =  EY 

E2  =  Fiber  Elastic  modulus 


Al  =  Iq^  (^uL“^ylP  (VE'i  “  V%)  +  (<^2/^2)  ^2  ^^2/^^ 
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